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PREFACE 
Introduction:  The response of the space environment around the Earth to the constantly 
changing Sun is known as 'Space Weather'. Space Weather processes can include changes 
in the interplanetary magnetic field, coronal mass ejections from the Sun, and 
disturbances in Earth's magnetic field. The effects of space weather can range from 
damage to satellites to disruption of power grids on Earth. An attempt is made in thesis to 
study the behavior of different space weather phenomena. 
 The Sun is responsible for disturbances in our space environment. It emits 
electromagnetic radiation over a spectrum stretching through gamma rays, X-rays, and 
ultraviolet radiation, visible light, thermal or infrared radiation and solar radio emission. 
Emissions through the entire spectrum are always present, but radiation levels are many 
times greater during solar storms. Fortunately, the hazardous, very short wavelength 
gamma rays, and X-rays do not penetrate the Earth's atmosphere. Ultraviolet radiation is 
heavily attenuated by the ozone layer and visible part of the spectrum reaches the ground. 
Besides emitting a continuous stream of plasma called the solar wind, the Sun 
periodically releases billions of tons of matter in events called Coronal Mass Ejections 
(CMEs). The scale and frequency of these events (several times a day to a few per week) 
(St. Cyr et al., 2000) make CMEs one of the most important contributors to space 
weather.  
 CMEs often drive 
interplanetary shocks which upon arrival on the Earth cause geomagnetic storm. The 
geomagnetic storms that signal the arrival of CMEs in the near earth space pose hazards 
to space operations, major effects being release of trapped particles from the 
magnetosphere to auroral zones causing increased spacecraft changing, interference with 
satellite communication and surveillance system, atmospheric heating by charged 
particles resulting in increased satellite drag, deterioration of magnetic torque altitude 
control system of satellites, etc. Five geoeffective CMEs are studied thoroughly through 
their eruption from the Sun to their journey to the ground.  
During solar maximum phase, the number of such CMEs increases and many are capable 
of accelerating particles upto MeV energies. In this study we discuss the space weather 
aspects of CMEs. Observations of interplanetary medium using the IPS array at Rajkot 
and Ooty, data from the SOHO / LASCO coronagraph and plasma data from the ACE  
and WIND satellites are used to understand the complex solar-terrestrial relation. 
Ionospheric and geomagnetic data are also used.  
The thesis is divided into six chapters are as follows: 
Chapter-1 gives the introduction of solar atmosphere, Earth's neutral atmosphere and 
solar-terrestrial physics. The most important concept in the present work is space 
weather. Hence its importance, comparison with terrestrial atmosphere and other factors 
are explained. Solar wind, coronal holes, coronal mass ejections, co-rotating interaction 
region are considered as solar drivers of space weather. They play a crucial role in space 
weather study. Their importance is described in this chapter.  In this chapter photospheric 
phenomena of Sun, like solar flares as well as coronal phenomena of Sun like, Solar 
wind, Solar Energetic Particles (SEP) are also described.  
 
  
Coronal Mass Ejections (CMEs) are an important factor in coronal and interplanetary 
dynamics. They are large ejection of mass and magnetic fields into the heliosphere, 
causing major geomagnetic storms and interplanetary shocks. In this chapter are 
described the different properties of CME i.e. structure, speed, masses, energies etc in 
detail. Interplanetary signature of the CME i.e. ICME and radio signatures of CMEs are 
also mentioned. Several techniques have been developed to remotely detect and track 
disturbances related to CMEs in the IP medium. Such few techniques are highlighted in 
this chapter. The relationship between solar flares and energetic coronal mass ejections 
(CMEs) is a subject of considerable debate. Their relationships by citing previous work 
done by several scholars are discussed. 
The CIR (Co-rotating Interaction Region) also plays an important role in causing 
recurrent storm activities in the Earth's magnetosphere. The basic internal structures of a 
CIR primarily depend on the properties of the low-speed wind being swept and 
compressed. The significance of CIR is also discussed in this chapter.  
Chapter-2 describes the theory of IPS (Interplanetary Scintillation). It exploits the 
scattering of radiation from distant point-like radio sources (e.g., quasars or radio 
galaxies of angular diameter  0.4 arcsec) by the electron-density irregularities in the solar 
wind. IPS technique provides an important link between near-Sun and near-Earth 
observations, and it has demonstrated the ability to make the correct association between 
CMEs and their effect at the Earth's environment. IPS is used extensively to track and 
study interplanetary disturbances, that are responsible for causing space weather effects. 
Solar ejecta typically take 3 to 5 days to reach Earth's magnetosphere. Therefore it is 
possible to use IPS which detects the ejecta to predict space weather effects with a lead 
time between 24 to 48 hours. 
This Chapter further describes the experimental setup. In this work the transit type Radio 
Telescope at Rajkot and Ooty are used for IPS observations. The IPS array at Rajkot is 
operated on daily monitoring basis and it operates at 103 MHz. However, Ooty Radio 
Telescope is operated on event basis; they plan special IPS observations depending on the 
pre-event or after-event information from solar observations around the world. ORT is 
530 m long cylindrical radio telescope operated at 327 MHz. ORT regularly monitors 
some 700 radio sources per day.   The Radio Telescope detects the signatures of 
Interplanetary Disturbances either resulting from CME or CIR. Their intensity undergoes 
fluctuations due to the plasma irregularities in the solar wind, which crosses the line of 
sight. From these intensity fluctuations the Scintillation Index is computed.  
Chapter-3 presents the main results of the thesis and contains case studies of few 
Geoeffective Coronal Mass Ejections detected during the course of the study. The 
changes that had taken place during the ejection are important. The Coronagraph images 
of Sun during the events are used to study the coronal changes that had taken place 
during these events. It also shows images taken in X-ray and H-alpha wavelengths on the 
event day. The Interplanetary Medium observations using IPS, detect the changes that 
take place as a result of the initial eruption during its travel up to 1 AU. Spacecraft 
observations of density, velocity and magnetic field and other derived parameters are also 
described. 
 
  
Finally in order to investigate the effect of the CME parameters on the strength of the 
storm, in a statistical sense, I have selected 30 high speed (speed >700 km/s) and large 
CMEs (angular width > 1500) during the period 1998 to 2002. I have used the Dst index 
to represent the strength of the associated geomagnetic storm. The resultant correlation 
with different interplanetary parameters are investigated and reported in this chapter. 
Chapter-4 describes the important results of the IPS studies obtained from Rajkot and 
Ooty Radio Telescopes. Histograms of Rajkot and Ooty IPS observations are presented in 
this chapter, which provide distribution of the scintillation index (m) and normalized 
scintillation index (g). Increased nature of median value of m and g, obtained from each 
histogram, clearly indicates that scintillation is directly correlated with solar activity. Plot 
of Scintillation Index (m) observed over the few years at Ooty and Rajkot as a function of 
heliocentric distance / solar elongations for the few radio sources are also presented in 
this chapter. Systematic monitoring of scintillations, over the sky by sampling a grid of 
radio sources on a day to day basis; Ooty Radio Telescope provides the map of transient 
plasma. These maps are known as g-maps, typical g-maps for two events are presented in 
this chapter. 
Chapter-5 describes the different effects of space weather on technological systems and 
humans in space and on the ground. These effects are analyzed and presented in this 
chapter. Space weather is greatly influenced by the speed and density of the solar wind 
and the interplanetary magnetic field (IMF), driven by the CMEs from the Sun. In this 
chapter satellite anomalies during the years 1998-2006 along with their possible space 
weather association are reported. A very intense proton event of October-2003 and 
December-2006 are also presented in this chapter. 
Chapter-6 is the summary and conclusion. This chapter summarizes salient results of the 
present work. 
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CHAPTER-1 
INTRODUCTION 
 
1.1 The Sun and its Atmosphere 
The Sun is our powerhouse, sustaining life on Earth. It energizes our planet and 
fuels the engine of life. The Sun warms our world, keeping the temperature at a 
level that allows liquid water to exist and keeps the Earth teeming with life. The 
various kinds of solar radiations and varying magnetic activity of Sun greatly 
affect the Earth’s near space environment.  
1.1.1 Sun 
The Sun is an ordinary star of spectral type G2V with magnitude of 4.8. It is 
massive ball of gas held together and compressed under its own gravitational 
attraction. It contains more than 99% of the total mass of the solar system. The 
mass of the Sun is ~1.99 x 1030 kg and its radius is 6.955 x 108 m. The mass of 
the Sun is 330,000 times that of the Earth and its radius is 109 times larger. 
Despite its large mass, the Sun has a lower density than Earth. The Sun’s 
average density is only 1409 kg/m3, which is a quarter the average density of the 
Earth.  
Explosions on the Sun create storms of radiation, fluctuating magnetic 
fields, and swarms of energetic particles. Storms on the Sun, in the form of solar 
flares and Coronal Mass Ejections (CMEs), can launch showers of radiation and 
powerful magnetic fields into interplanetary space. Upon arrival at Earth, they 
interact in complex ways with Earth's magnetic field, modifying the Earth's 
radiation belts and the aurora. These contribute to space weather. 
1.1.2 The Solar Atmosphere  
The solar atmosphere extends from the photosphere to very large heliocentric 
distances. The photosphere, the chromosphere, the transition region, and the 
lower corona are the near-solar regions of the solar atmosphere (Fig-1.1). 
 
  
• Photosphere: The visible surface of the Sun, called photosphere is seen by 
white-light observations. It is this narrow layer that emits 99% of the Sun’s light 
and heat. It is the lowest region of the solar atmosphere extending from the 
surface to the temperature minimum at around 500 km. Because the gas in the 
photosphere absorbs and reemits radiation approximately as a blackbody, the 
photosphere essentially emits a blackbody continuous spectrum. The blackbody 
temperature of the emission spectrum is about 5,762 K. The density in the 
photosphere is about 1014 cm-3.  
• Chromosphere: The chromosphere can be observed during short phases of 
solar eclipses.The chromosphere is lies between the corona and the 
photosphere. Here the temparature rises rapidly with increasing heght from about 
5000 to 25000 K. The thickness of the the chromosphere is about 2 - 5 x 103 km. 
Two very prominent spectral lines H and K of singly ionized Ca (Called Ca II) are 
formed in the chromosphere. These lines are in absorption in the spectrum of the 
photosphere but appear as emission lines in the hotter chromosphere. Their 
strength varies through the sunspot cycle, the lines are stronger at solar 
maximum.  
• Transition Region: At the top of the chromosphere the temperature rapidly 
increases from about 104 K to over 106 K. This sharp increases takes place 
within a narrow region called the transition region. The transition region does not 
occur at a well-defined altitude. Rather, it forms a kind of nimbus around 
chromospheric features such as spicules and filaments, and is in constant, 
chaotic motion. The transition region is not easily visible from Earth's surface, but 
is readily observable from space by instruments sensitive to the far ultraviolet 
portion of the spectrum. 
•  Corona: The corona is the outermost, most tenuous region of the solar 
atmosphere, extending to large distances and eventually becoming the solar 
wind. Historically the corona was only observed during total solar eclipses, when 
the Moon blocked the bright photosphere and the sky gets dark. The temperature 
of the corona is in the range of 1 - 2 x 106 K. The sharp increase in the 
 
  
temperature, from the photosphere through chromosphere to the corona, is the 
most important physical characteristics of the corona, which could not possibly 
heated by radiation from the relatively cool photosphere.  
    The low corona, which is very near the surface of the Sun, has a particle 
density of 1014 m-3 –1016 m-3. The temperature of the corona is several million 
Kelvin. While no complete theory yet exists to account for the temperature of the 
corona, however, two main mechanisms have been proposed to explain coronal 
heating. The first is wave heating, and the other is magnetic heating, in which 
magnetic energy is released through magnetic reconnection in the form of large 
solar flares (Alfven, H., 1947).  
1.2  The Earth’s Atmosphere  
The Earth’s atmosphere is essential to life. It insulates the inhabitants of Earth 
from the extreme temperatures of space, filters out most radiation dangerous to 
our life. It also provides the pressure that is necessary for liquid water at 
moderate temperatures on the surface. 
1.2.1 Structure of the Neutral Atmosphere 
Based on temperature profile for the Earth’s atmosphere, regions of our 
atmosphere can defined as follows.  
• Troposphere: It is the lowest atmospheric region where the temperature 
decreases down to 200 K at its upper boundary, the tropopause, at a height of 17 
km. This region is characterized by convective motions; warmer air is 
comparatively light and tends to rise, while colder air is dense and tends to sink. 
Most of the clouds and weather systems are located in the troposphere. 
• Stratosphere: In this region temperature slightly increases up to the 
stratopause at a height of about 50 km. There are no vertical motions, but only 
horizontal motions occurred in this layer. The temperature in this region 
increases gradually to -30 Celsius, due to the absorption of ultraviolet radiation.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
The ozone layer, which absorbs and scatters the ultraviolet radiation, is located 
here. 99 percent of “air” is located in the troposphere and stratosphere. 
• Mesosphere: The mesosphere is relatively unstable dynamically since 
convection is still prevalent. The temperature again decreases with respect to 
height in this region. The temperature falls down up to -930 Celsius up to the 
mesopause (height 80 km). The mesopause is the coldest region in the 
atmosphere.  
• Thermosphere: The region above the mesopause, where the positive 
temperature gradient occurs is called as the thermosphere. The most important 
heat source of the thermosphere is the extreme ultraviolet radiation from the Sun 
[(Roble and Dickinson (1973); Schmidtke (1978); Hinteregger (1976)] which is 
highly dependent on solar activity, varying up to a factor of 2 between extremes 
in solar cycles. The thermospheric temperature varies with time but is generally 
over 1000 K at a height of 250 km. This is the hottest part of the atmosphere. 
1.2.2 The ionized part of Earth’s Atmosphere - The Ionosphere  
The ionized region in the Earth's atmosphere extending from about 60 km to 
above 1000 km above the surface is known as the ionosphere. It is the part of 
the Earth’s upper atmosphere where free electrons occur in sufficient density to 
have an influence on the propagation of radio waves. The existence of the 
ionosphere was first postulated by Stewart (1882). However, disprove evidences 
its existence for the existences of the ionosphere was provided independently by 
Kennelly (1902) and Heaviside (1902). The radio sounding experiments were 
carried out by Appleton and Bernett (1925) in England; and Berit and Tuve (1925 
and 1926) in America, which finally confirmed the existence of the ionosphere. 
Then in 1926, the name ionosphere was coined by R. Watson-Watt. 
This ionization depends on primarily the Sun and its activity. Ionospheric 
structures and peak densities in the ionosphere vary greatly with time (sunspot 
cycle, seasonally and diurnally), with geographical locations (polar, mid latitudes 
and equatorial regions) and with certain solar related ionospheric disturbances.  
 
  
The major part of the ionization is produced by solar X-ray and UV 
radiation and by corpuscular radiation from the Sun. The ionosphere reflects the 
radio waves up to a maximum frequency that depends on the density of free 
electrons. The crucial upper frequency is equal to the plasma frequency, the 
natural frequency of oscillation for the ionosphere. The ionosphere is transparent 
to radio radiation above the plasma frequency, so these waves can be used for 
the communication with high-flying satellites or to observe the radio universe. 
Cosmic and solar radiations at frequencies below the plasma frequency are 
reflected back into space from the top of the ionosphere and cannot be observed 
satellites orbiting the Earth above the ionosphere. 
1.3  Solar Wind 
The solar wind is an ionised, magnetised gas which continuosaly flows radially 
outward from the Sun in all directions and fills the interplanetary space. It is 
composed of mainly protons and electrons with trace quantities of heavier ions. It 
begins at zero velocity at corona, which is at a kinetic temperature of about 2 x 
106 K. The major acceleration of the solar wind to supersonic speed occurs 
within a heliocentric distance of about 15 solar radii and near the orbit of the 
Earth the speed of the solar wind is typically 400 km/s with a density of about 5-
10 protons/cm3. However, the speed and density can have large variations, 
which are determined by the complex structure of the coronal magnetic field 
(Manoharan, 2003).  
 The existance of solar wind was first proposed by Biermann (1951) based 
on observation of comet tails roughly pointing into direction opposite to the Sun. 
Chapman (1957) worked out a model for the solar wind flow, assuming that the 
corona, having been heated by unknown process, maintained the static 
equlibrium by conducting the heat outwards. Chapman’s model lead to an 
excessive gas pressure even at infinity. Since the pressure of the interstellar gas 
was not adequate to maintain the corona in a state of hydrostatic equlibrium, 
Parker (1964) postulated that the entire atmosphere of the Sun should be in a 
state of continual expansion. 
 
  
1.3.1 Solar Wind Measuring Techniques 
The solar wind properties like speed, temperature and density at distance closer 
to the Earth and beyond are obtained primarily from in situ measurements, which 
are taken along the one-dimensional scan during fourtuitous encounter with 
spacecraft. The spacecraft observations have been made only down to a 
helicentric distance of 0.3 AU (≈ 64 solar radii), which is the perihelion distance of 
the Helios satellite. Moreever, spacecraft measurements are confined to the 
ecliptic plane and Ulysses is the first and only space mission to probe the high 
latitude heliosphere (Bame et al., 1992; Philips et al., 1994).  
However, in the space between the Sun and Earth, the available 
information on the solar wind flow has been obtained from various remote 
sensing methods. The interplanetary scintillation (IPS) technique (Hewish, Scott 
& Wills, 1964) is one among them. It is important to note that this technique 
provides the three-dimensional structure of the solar wind at various distance in 
the inner heliosphere (≤ 1 AU).This technique is described in detail in chapter-2. 
1.3.2 Low and High Speed of Solar Wind 
Outside the plane of the ecliptic the solar wind is steady and rapid, at speeds 
between 600-800 km/s; this is called the fast solar wind and it is known to 
emanate from solar coronal holes. In the plane of the ecliptic, near the 
heliospheric current sheet, the wind is slower, denser, and more variable, with 
typical speeds between 200 and 600 km/s and daily fluctuations by a factor of 
two or more. This is called the slow solar wind and its location of origin on the 
Sun is less well known (Manoharan, 2003). Ulysses spacecraft velocity data 
(Philips et al., 1994) conclusively proved that a relatively uniform, fast wind pours 
out at high latitudes near the solar poles, and that a capricious slow wind  
emnates from the Sun’s equatorial and the plane of the Earth’s orbit around the 
Sun, the ecliptic (Fig-1.2). In the table 1.1, the basic properties of the low and 
high speed solar wind are described.  
 
 
  
Table 1.1 Properties of Solar Wind 
Property (at 1 AU) Low-speed wind High-speed wind 
Association Not clearly known Coronal holes 
Speed ≤ 400 km s-1 600-800 km s-1
Density 5-10 cm-3 ~3 cm-3
Structure Filamentary Uniform 
Temperature Tp ~ 4 x 104 K 
Te ~1.3 x 105 K 
Tp ~2 x 105 K 
Te ~ 105 K 
Solar minimum ± 350 latitude region Polar region 
Solar maximum All latitudes Close to poles; low-latitudes 
coronal holes 
 
1.4 Magnetosphere 
The solar wind sweeps past the Earth at super sonic speeds ranging from 300 to 
1000 km/s. Fortunately for life on Earth, the terrestrial magnetic field deflects 
solar wind away from the Earth and hollows out a protective cavity called 
magnetosphere in the solar wind. The magnetic field of the Earth to a large 
extent shields it from the continual supersonic outflow of the Sun's ionized upper 
atmosphere However, some of the mass, momentum and energy of this solar 
wind gains entry into the magnetosphere, driving current systems, geomagnetic 
storms and auroral displays. 
 Energetic particles from the Sun are carried out into space along with hot 
solar wind. The solar wind pushes the magnetic field toward the Earth on the day  
 
 
  
 
 
  
side that faces the Sun, compressing the outer magnetic boundary and forming a  
shock wave. It is called a bow shock because it is shaped like waves that pile up 
ahead of the bow of a moving ship. The Sun’s wind drags and stretches the 
terrestrial magnetic field out into a long magnetotail on the night side of Earth. 
The magnetic field points roughly toward the Earth in the northern half of the tail 
and away in the southern. The field strength drops to nearly zero at the center of 
the tail where the opposite magnetic orientations lie next to each other and 
currents can flow.  
Fig-1.3 represents the various parts of the magnetosphere: the 
magnetopause magnetotail etc. and various types of currents which are set up in 
different regions by the flow of charged particles. The Earth’s atmosphere may 
be said to terminate at the magnetopause, the boundary of the geomagnetic field 
which lies at about ten Earth radii on the day side of the Earth and at a greater 
distance on the night side. 
1.5 Inter Planetary Medium (IPM)  
Sun’s corona extends up to the end of the solar system i.e. heliopause, the 
relative density of corona becomes so much lower after a few solar radii that it 
can be distinguished as a separate medium. Thus, the empty region between 
corona and heliopause is called Interplanetary Medium or in other word the 
region between the Sun and the planets has been termed as the interplanetary 
medium. The interplanetary medium is a remarkable physical system, which has 
served as a laboratory for the study of turbulent, supersonic, ideal magneto-
hydrodynamic (MHD) flows.  
 Although sometimes considered a perfect vacuum, IPM is actually a 
turbulent medium dominated by the solar wind, which flows continuously at 
velocities varying from 250 to 1000 km/s.  Because of the frozen-in condition of 
the coronal plasma, it carries with it the solar magnetic field to the interplanetary 
medium and gives rise to the Interplanetary Magnetic Field (IMF). Other 
characteristics of the IPM (density, composition, and magnetic field strength, 
among others) vary with changing conditions on the Sun.  
 
  
To study the IPM, various space based and ground based techniques 
have been used. However space based in-situ technique is useful within 100 
solar radii in the ecliptic plane. Hence this technique is incapable of making 
observation beyond this limit and very close to the Sun. Ground based 
interplanetary scintillation (IPS) method is considered as the best technique to 
study the IPM, which can investigate IPM away from the ecliptic.  
1.6 Solar Activity 
• Sunspots and the Solar Cycle: Sunspots are regions of intense magnetic 
activity where energy transport is inhibited by strong magnetic fields. Chinese 
astronomers were the first who reported on dark spots on visible on the Sun. In 
the year 1611 sunspots were observed for the first time through a telescope by 
Goldsmid (Holland), G. Galieli (Italy), Ch. Scheiner (Germany) and Th. Harriot 
(England). In 1826 German scientist Schwabe reported the periodicity of sunspot 
numbers. Several years later Carrington showed from his observations that the 
Sun rotates differentially; a point at the equator rotates more rapidly than one at 
higher latitudes. He defined an arbitrary reference point on latitude 100 as 
longitude zero and a rotation completed by this point is known as Carrington 
rotation (CR). 
 Sunspots consist of dark central regions, called umbra and a surrounding 
less dark filamentary region called penumbra. The umbra diameter is about 
10000 km, while the diameters of penumbral are in the range off 10000 – 15000 
km. Sunspot evolved and some of them are visible over more than one rotation 
period. The observations of sunspots showed that the rotation of the Sun is not 
like that of solid body. Near the equator it rotates faster (27.7 days) and at 
latitude of 400 the rotation period is 28.6 days; this is called the differential solar 
rotation.  
The number of sunspots visible on the Sun is not constant, but varies over 
a 10-12 year cycle known as the solar cycle. At a typical solar minimum, few 
sunspots are visible, and occasionally none at all can be seen. Those that do 
appear are at high solar latitudes. As  the sunspot  cycle progresses,  the number  
 
  
 
 
 
 
  
of sunspots increases and they move closer to the equator of the Sun, a 
phenomenon described by Spörer's law. Fig-1.4 illustrates the sunspot number 
variation from years 1700 to 2005. Sunspots usually exist as pairs with opposite 
magnetic polarity. The polarity of the leading sunspot alternates every solar 
cycle, so that it will be a north magnetic pole in one solar cycle and a south 
magnetic pole in the next. The solar cycle has a great influence on space 
weather, and seems also to have a strong influence on the Earth's climate. Solar 
minima tend to be correlated with colder temperatures, and longer than average 
solar cycles tend to be correlated with hotter temperatures. They are often the 
source of intense solar flares and coronal mass ejections.  
1.7 Space Weather-An Introduction 
Space weather is a new science. The response of the space environment around 
the Earth to the constantly changing Sun is known as ‘Space Weather’. It is 
refers to the variable conditions of the interplanetary, geospace and planetary 
environments relevant to human activities.  
Space weather is a complex series of events that begin deep inside the 
Sun, and extend throughout the solar system, carried by the solar wind plasma. 
Space weather is greatly influenced by the speed and density of the solar wind 
and the interplanetary magnetic field (IMF), driven by the Coronal Mass Ejections 
(CMEs) from the Sun. A variety of physical phenomena are associated with 
space weather, including geomagnetic storms and substorms, energization of the 
Van Allen radiation belts, ionospheric disturbances and scintillation and 
geomagnetically induced currents at Earth's surface. 
1.7.1 The Sun-Earth Environment and Space Weather 
The Sun-Earth environment is the region of space dominated by electromagnetic 
radiation and electrically charged particles from the Sun. It is subject to dramatic 
and violent change as events on the Sun blast streams of radiation and energetic 
particles towards the Earth. This is the domain of space weather. Space weather 
results from changes in the speed or density of the solar wind, a continuous 
stream of charged particles flowing from the Sun past the Earth and into 
 
  
interplanetary space. This flow distorts the Earth's magnetic field, compressing it 
in the direction of the Sun and stretching it out in the anti-Sun direction. 
Fluctuations in the flow of solar wind cause variations in the strength and 
direction of the magnetic field measured near the surface of the Earth. Large 
abrupt changes in this dynamic medium are called geomagnetic storms. At the 
same time, the Earth's ionosphere (the electrified layers of the upper 
atmosphere) can be severely disturbed by streams of charged particles. This 
degrades the ionospheric mirror that reflects High Frequency (HF) radio signals 
back to the Earth allowing cheap and convenient communication over a wide 
range of distances. HF is significant for many agencies including Defence, 
emergency services, broadcasters, and marine and aviation operators. 
Communications on other frequencies, from VLF to satellite, may also be 
affected, making space weather and its prediction an essential factor in 
successful operations.  
1.7.2 Importance of Space Weather 
Space weather is of great importance to many modern technologies. Like 
ordinary weather, space weather constantly produces low-level effects on human 
technology; interspersed with occasional dramatic events. Space weather exerts 
a profound influence in several areas related to space exploration and 
development. Changing geomagnetic conditions can induce changes in 
atmospheric density causing the rapid degradation of spacecraft altitude in low 
Earth orbit. An understanding of space environmental conditions is also important 
in designing shielding and life support systems for manned spacecraft. There is 
also some concern that geomagnetic storms may also expose conventional 
aircraft flying at high latitudes to increased amounts of radiation. Space weather 
can also damage satellites, disable electric power grids, and disrupt cell phone 
communications systems. 
During the last few years space weather activities have expanded with an 
increasing pace world-wide and it has become commonly accepted that 
improved space weather services are important and expected to become much 
 
  
more useful in the near future. At the same time the scientific community has 
strengthened their efforts toward better understanding of the physical foundations 
of space weather and many scientists have remarked that without strong 
emphasis on improved scientific understanding the promises for and dreams of 
improved space weather products may not be fulfilled. This way the scientific 
Solar-Terrestrial Physics (STP) community and the users of space-sensitive 
systems are intimately coupled to each other.  
1.7.3 Comparison of Space Weather & Atmospheric Weather  
Space weather has many similarities with atmospheric weather. Like both 
weather’s source of energy is Sun. However, there are important differences 
between the atmospheric and space weather systems as follows: 
• Terrestrial weather is driven by radiative energy from the Sun, space weather 
responds to both radiative and particle energy. Variations in solar output may 
affect long term climatological trends but have not been shown to impact daily 
terrestrial weather. On the other hand, the variations in the Sun's radiation 
and particle emissions trigger rapid and often dramatic change in the space 
environment.  
• While many meteorological processes are localized and it is possible to make 
good limited-area weather forecasts, space weather is always global in the 
planetary scale. Perturbations originating from the Sun disturb the Earth's 
plasma environment, the magnetosphere, which responds to these 
disturbances globally. 
• Space weather events occur over a wide range of time scales: The entire 
magnetosphere responds to the solar-originated disturbances within only a 
few minutes, global reconfiguration takes a few tens of minutes, and 
sometimes extreme conditions may remain for much longer periods. Ground-
based magnetometers react immediately when an interplanetary shock hits 
the magnetosphere whereas enhanced fluxes of energetic particles in 
radiation belts decay in time scales of days, months, or even years. 
 
  
• Our means to monitor space weather are much more limited than our ability 
to install weather stations on the Earth's surface: Our prediction schemes 
must be capable of functioning with input from only a few isolated 
measurements of the upstream solar wind conditions and magnetospheric 
parameters. While the present (e.g., magnetic activity indices, interplanetary 
scintillations) and future (e.g., energetic neutral atom imagery, ionospheric 
tomography) observations have a global character, they still remain rather far 
from the present-day rather detailed and continuous coverage of the 
atmospheric weather. As a consequence, successful space weather activities 
need to be performed on a global scale, merging a great variety of space-
borne and ground-based observational capabilities. 
1.8 Solar Drivers for Space Weather  
Apart from CME(Coronal Mass Ejection) and CIR (Co-rotating Interaction 
Region), solar wind, solar flares, and coronal holes, solar energetic particles 
(SEPs) are responsobles for producing interplanetary disturbances in 
interplanetary medium.  
1.8.1 Solar Wind as a Space Weather Driver 
Solar wind plays crucial role in the space weather, as its interaction with the 
Earth's magnetic field is very important. The solar wind both controls the size of 
the magnetic cavity through its momentum flux or dynamic pressure and the 
energy flow into the magnetosphere coupled from the solar wind mechanical 
energy flux by the reconnection of the interplanetary magnetic field with the 
terrestrial field. This coupling is strongly controlled by the direction of the 
interplanetary magnetic field, being most strong when the interplanetary 
magnetic field is southward. Thus for space weather applications we are most 
interested in the solar wind velocity and mass density and the strength and 
orientation of the interplanetary magnetic field.  
 
 
 
  
1.8.2 Role of Coronal Holes in Space Weather 
From X-ray observations it was seen that the temperature of the corona is not 
uniform. The lower temperature regions are called coronal holes. They are 
particularly prominent near sunspot minimum and near the solar poles. They are 
found at both poles of the Sun and across the disk of the Sun. Coronal holes are 
more rarefied and cooler than other places in the corona, so their emission is 
faint. The reason for that is most of the magnetic field lines in coronal holes do 
not form locally closed loops. Coronal holes are instead characterized by open 
magnetic fields (Fig-1.5) that do not return directly to another place on the Sun 
allowing the charged particles to escape the Sun’s magnetic grasp and flow 
outward into surrounding place.  
 
 
Fig-1.5: More realistic sketch of the structure of the corona and its 
presumed magnetic field. ( Hundhausen, 1995) 
 
 
 
 
 
  
Nevertheless, magnetic field lines are never broken, and always form 
continuous thread. The magnetic fields in coronal holes are therefore closed in a 
technical sense, but they extend so far out into interplanetary space that they are 
effectively open. The fast-speed solar wind originates from the coronal holes 
(Krieger et al., 1973), and accordingly they are considered the main reason for 
the “recurrent” type of geomagnetic activity. They may form at any latitude. For 
the solar cycle of greatest importance are the unipolar coronal fields. When the 
polar fields are strongest during sunspot minimum polar coronal holes are well 
defined. They disappear during the polar field reversals near sunspot maximum. 
1.8.3 Solar Flares 
A solar flare is an explosion on the Sun that happens when energy stored 
in twisted magnetic fields is suddenly released. As the magnetic energy is being 
released, particles, including electrons, protons, and heavy nuclei, are heated 
and accelerated in the solar atmosphere. The energy released during a flare is 
typically of the order of 1027 ergs per second. Large flares can emit up to 1032 
ergs of energy. This energy is ten million times greater than the energy released 
from a volcanic explosion. On the other hand, it is less than one-tenth of the total 
energy emitted by the Sun every second.  
Flares produce a burst of radiation across the electromagnetic spectrum, 
from radio waves to X-rays and gamma-rays. During a large solar flare, the X-ray 
and gamma-ray flux is observed to increase by many orders of magnitude over 
pre-flare levels. 
There are typically three stages to a solar flare. First is the precursor 
stage, where the release of magnetic energy is triggered. Soft X-ray emission is 
detected in this stage. In the second or impulsive stage, protons and electrons 
are accelerated to energies exceeding 1 MeV. During the impulsive stage, radio 
waves, hard X-rays, and gamma rays are emitted. The gradual build up and 
decay of soft X-rays can be detected in the third, decay stage. The duration of 
these stages can be as short as a few seconds or as long as an hour.  
 
  
The frequency of flares coincides with the Sun's eleven year cycle. When 
the solar cycle is at a minimum, active regions are small and rare and few solar 
flares are detected. These increase in number as the Sun approaches the 
maximum part of its cycle. 
• Classifications: Scientists classify solar flares according to their x-ray 
brightness in the wavelength range 1 to 8 Angstroms. As shown in the table 1.2 
they are classified as A, B, C, and M and X. The size of the flare is given by the 
peak intensity (on a logarithmic scale) of the emisssion. Each class has a peak 
flux ten times greater than the preceding one, with X class flares having a peak 
flux of order 10-4 W/m2. Each category for X-ray flares has nine subdivisions 
ranging from, e.g., C1 to C9, M1 to M9, and X1 to X9.  
X-class flares are big; they are major events that can trigger planet-wide 
radio blackouts and long-lasting radiation storms. M-class flares are medium-
sized; they can cause brief radio blackouts that affect Earth's polar regions. Minor 
radiation storms sometimes follow an M-class flare. Compared to X- and M-class 
events, C-class flares are small with few noticeable consequences here on Earth. 
Table 1.2 Soft X-ray classification schemes of solar flares 
Soft X-ray class Peak in power of 10 
in the 1-8 A0 flux W/m2
A -8 
B -7 
C -6 
M -5 
X -4 
 
 
  
• Hazards of Solar Flares: Solar flares and associated coronal mass ejections 
(CMEs) strongly influence our local space weather. They produce streams of 
highly energetic particles in the solar wind and the Earth's magnetosphere that 
can present radiation hazards to spacecraft and astronauts. The soft X-ray flux of 
X class flares increases the ionisation of the upper atmosphere, which can 
interfere with short-wave radio communication, and can increase the drag on low 
orbiting satellites, leading to orbital decay. Energetic particles in the 
magnetosphere contribute to the aurora borealis and aurora australis. 
1.8.4 Solar Energetic Particles (SEPs) 
They consist of protons, electrons and heavy ions with energy ranging from a few 
tens of keV to GeV (the fastest particles can reach speed up to 80% of the speed 
of light). They are of particular interest and importance because they can 
endanger life in outer space (especially particles above 40 MeV). Solar Energetic 
Particles (SEPs) can originate from two processes: at a solar flare site or by 
shock waves associated with coronal mass ejection. However, only about 1% of 
the CMEs produce strong SEP events. Two main mechanisms of acceleration 
are possible: diffusive shock acceleration (DSA, sometimes referred as first-order 
Fermi acceleration) or shock-drift mechanism. SEPs can be accelerated to 
energies of several tens of MeV within 5-10 solar radii (0.05% of the Sun-Earth 
distance) and can reach Earth in a matter of a few hours after a flare or an 
ejection (Reames, 1999). This makes prediction and warning of SEP events quite 
challenging. The speed population and composition of these SEP events is also 
an active area of research. 
Protons can pass through the human body, doing biochemical damage. 
Most proton storms take two or more hours from the time of visual detection to 
reach Earth. A solar flare on January 20, 2005 released the highest 
concentration of protons ever directly measured, taking only 15 minutes after 
observation to reach Earth, indicating a velocity of approximately one-third speed 
of light. 
 
 
  
1.8.5 Coronal Mass Ejection (CME) 
The Sun loss it’s mass in two forms; through the steady “Solar Wind Outflow” and 
the sporadic ejection of large plasma structured termed coronal mass ejections 
(CMEs). They are huge bubbles of gas threaded with magnetic field lines that are 
expelled from the Sun into the heliosphere. This gas consists of plasma 
consisting primarily of electrons, protons and small quantities of heavier elements 
such as helium, oxygen, and iron. Most of the ejected material comes from the 
low corona, although cooler, denser material probably chromospheric origin can 
also be ejected (Webb, 2000). Each CME drains the solar mass in the range 
extending from 1011 to 1013 kg (Webb, 1995) with velocities from a few tens to 
~2000 km s-1 (Hundhausen, 1993). Much of the plasma observed in a CME is 
entrained on expanding magnetic field lines, which can have the form of helical 
field lines with changing pitch angles, i.e. flux rope.  
CMEs have been a topic of extensive studies since they were discovered 
in 1971 by coronagraphs on board NASA’s seventh Orbiting Solar Observatory 
(OSO-7) (Tousey, 1973). CMEs are the major solar drivers of space weather, 
including large, non-recurrent geomagnetic storms (Tsurutani et al., 1988a; 
Gonzalez et al., 1989) and solar energetic particle events. Coronal mass 
ejections are often associated with solar flares and prominence eruptions but 
they can also occur in the absence of either of these processes. The frequency 
of CMEs varies with the sunspot cycle. At solar minimum we observe about one 
CME a week. Near solar maximum we observe an average of 2 to 3 CMEs per 
day. Other signatures of CMEs are described in detail in section -1.9. 
1.8.6 Co-rotating Interaction Region (CIR)   
As the Sun rotates and the high speed stream from the coronal hole catches-up 
with the slow flow associated with the closed streamer belt region a co-rotating 
interaction region (CIR) forms on the leading edge of the high speed stream 
(Pizzo, 1978). Thus the interaction of high speed (~800 km/s) and low speed 
(~300 km/s) winds lead to 3-D CIRs in the heliosphere (Manoharan, 2003). A CIR 
thus can cause a forward shock propagating at the leading edge and reverse 
 
  
shock at its trailing edge. The steepening of these shock waves take place, 
typically at distance greater than about 1 AU. The low-speed wind ahead of the 
interaction region is pushed against the forward shock and the reverse shock 
tends to decelerate the high-speed wind causing compression. The basic 
structures of a CIR therefore primarily depend on the properties of the low-speed 
wind. 
A large amount of energy is concentrated in the compressed region close 
to the shock and charged particles passing through a shock can acquire part of 
this energy. The acceleration of charged particles by CIRs leads to a permanent 
generation of high energy particles in the heliosphere, even in times when the 
Sun is quiet (solar minimum), as there are more high speed winds during this 
phase of the solar cycle. The CIR plays an important role in causing recurrent 
storm activities in the Earth’s magnetosphere.  
1.9  Properties and Various Signatures of CMEs 
1.9.1 Properties of CME 
The basic attributes of a CME are its speed, width, acceleration, and central 
position angle (CPA), all referred to the sky plane. These are obtained from a 
time sequence of coronagraphic images, in which the CME can be recognized as 
a moving feature occupying a well-defined region. The angular extent of the 
moving feature defines the width. The central angle of this extent with reference 
to the solar north is the CPA. The speed is normally determined from a linear fit 
to the height-time (h-t) plots. But CMEs often have finite acceleration, so the 
linear-fit speed should be understood as the average value within the 
coronagraphic field of view. Quadratic fit to the h-t plots gives the constant 
acceleration, which again is an approximation because the acceleration may also 
change with time. 
• Structure: CMEs can exhibit variety of forms, some having “three-part” 
structure and others being more complex with interiors with bright emitting 
material. A typical CME eruption is believed to possess a classical three part 
structure (Illing and Hundhausen, 1986). As shown in the Fig-1.6 an outer rim 
 
  
carrying the bulk of ejected material at the highest speed; followed by a cavity 
that is dark in coronagraph images but is believed to carry intense magnetic field 
strength, and then by filament material, which is generally traveling at speeds 
slower than the outer front. SOHO LASCO C2 and C3 coronagraphs have 
observed many different forms of CMEs, including those with large circular 
regions resembling flux ropes and halo CMEs. 
Speed: CMEs ejected at a speed range from about 20 to over 2000 km/s. Thus, 
these speeds range from well below the sound speed in the lower corona to well 
above the Alfven speed (Webb, 2000). In outer corona CMEs largely show 
constant speed. The annual average speeds based on coronagraphs SOLWIND, 
SMM (Solar Maximum Mission) varied over the solar cycle from about 150-475 
km/s, but their relationship to sunspot number was unclear (Howard et al, 1986). 
However, LASCO (Large Angle and Spectrometric Coronagraph) CME speeds 
clearly increase with sunspot number in the solar cycle-23 (St. Cyr et al., 2000; 
Gopalswamy, 2006b), from 280 at solar minimum to 500 km/s near maximum. 
• Mass and Energy: The masses and energies of CMEs require difficult 
instrument calibrations and have large uncertainties. The average mass of CMEs 
derived from the older coronagraph data (Skylab, SMM and Solwind) was a few 
times 1015 g. LASCO calculations indicate a lower average CME mass, likely 
because LASCO can measure masses down to 1013 g (Vourlidas et al., 2002; 
Gopalswamy, 2006b). Studies, using Helios (Webb et al., 1996) and LASCO 
(Vourilidas et al., 2000) data, suggest that the older CME masses may also have 
been underestimated because mass outflow can continue well after the CME’s 
leading edge leaves the instrument field of view. Recent LASCO results of the 
mass density of CMEs as a function of height show that this density rises until ~8 
Rs, then levels off (Howard et al., 2003). This suggests that CMEs with larger 
masses reach greater heights, and are more likely to escape the Sun. Indeed, 
there is a population with a mass peak < 8 Rs; these CMEs are less massive and 
slower and  may not reach IP space. Mass estimates of a  few  CMEs  have  also  
 
  
 
 
 
 
 
 
 
 
 
 
  
been made with radio (Gopalswamy and Kundu, 1993) and X-ray observations 
(Hudson and Webb, 1997). These estimates are usually lower than   that of the 
equivalent white light masses. The radio and X-ray techniques provide an 
independent check on CME masses because their dependency is on the thermal 
properties of the plasma (density and temperature) vs only density in the white 
light observations. Likewise average CME kinetic energies measured by LASCO 
are less than previous measurements, <1030 erg. The CME kinetic energy 
distribution has a power law index of -1 (Vourlidas et al., 2002) different than that 
for flares (-2; Hudson 1991).  
1.9.2 Flares and CMEs Association 
The relationship between flares and coronal mass ejections (CMEs) remains a 
topic of active research. Several decades of observation have shown that flares 
and CMEs are often two aspects of the same eruptive event in the Sun, while 
flares are intense, abrupt release of energy visible across the electromagnetic 
spectrum; CMEs are bodily ejections of the blobs of coronal plasma. The 
relationship between the CMEs and flares is a subject of considerable debate; 
while most of this work focused on a cause-effect relationship between flares and 
CMEs. It is now becoming clear that they are different but strongly coupled 
manifestations of the same basic process in the corona. Many case studies of 
flares, filament eruptions and CMEs indicate that fast acceleration of CMEs 
occurs during the flare impulsive phase.  
 CMEs are sometimes associated with solar flares, and sometimes not, 
and they now appear to be a primary cause of geomagnetic activity. In the 
presence of flare there is a signature of fast acceleration of CME. Good 
correlation between CME kinematics and flare flux evaluation has been reported 
by Wang et al., (2003). There is also a possible good correlation in CME speed 
and X-ray flare peak flux. Therefore we believe that CME and flares are 
physically integrated phenomena. 
 There have been controversial arguments about the possible casual 
relation between CMEs and flares. Mittal and Narain (2006) view regarding the 
 
  
relationship is that flares don’t cause CMEs and vice-versa; instead, they both 
are results of more fundamental processes. This view is similar to what Harrison 
(1995) suggested, “The flares and CMEs are signature of the same magnetic 
diseases, that is they represent the responses in different parts of the magnetic 
structure to a particular activity; they don’t drive one another but are closely 
related.” Švestka (2001) stated that “The only difference between flare-
associated and non-flare-associated CMEs is the strength of the magnetic field in 
the region of field-line opening." 
 The suggested physical linkage between CME and flare is based on their 
temporal relationship. This linkage is not inconsistent with their spatial disparity 
between CMEs and flares; the flare regions are much smaller and commonly lie 
to one side of the CME span (Kahler et al., 1988) 
1.9.3 ICME- Signature of CME in the IP medium 
The generic term used for CMEs in the solar wind is ejecta. Interplanetary CME 
(ICME) is another general term used to describe the CME-like disturbance in the 
solar wind. The interplanetary manifestations of coronal mass ejections (ICMEs) 
are large structures of magnetized plasmas, at least some of which took the form 
of twisted magnetic flux ropes. In situ observations of CMEs can be used to infer 
the magnetic field topology of the ICMEs and the physical conditions of their 
birthplace near the Sun (Henke et al., 1998; Lepri et al., 2001). The ICMEs with 
clear field rotations coincident with low temperature and strong magnetic field are 
called magnetic clouds (Burlaga et al., 1981). 
Prior to the launch of SOHO and even today, it was difficult to track CMEs 
that were launched toward the Earth. Thus, it has been difficult to unambiguously 
identify the causative CME and the resultant ICME. There remains little doubt 
that these magnetized structures seen at 1 AU do arise from CMEs. ICMEs 
themselves are still mysterious entities. While many of them take the form of 
magnetic ropes, many of them cannot be so interpreted (Gosling, 1990). In fact, 
there still is little agreement on what defines an ICME (Russell and Shinde, 2005; 
Zurbuchen and Richardson, 2005).  
 
  
There are many signatures that are associated with ICMEs, but none of 
them appears to be unique to ICMEs or a sufficient condition to identify an ICME. 
In fact, any of these signatures could be missing and, if the others were present, 
some observers would argue for the presence of an ICME. We can divide the 
signatures of ICMEs into those in fluid parameters, and those involving either 
plasma composition or energetic particle distributions. There are interpretations 
of the meaning of these latter signatures but there is not yet a commonly 
accepted model for the relationship of these signatures to the magnetized 
plasma structure that constitute an ICME. In contrast, there is a well-developed 
physical model for the fluid parameters even to the point of launching ICMEs and 
following them to Earth (Manchester et al., 2004). 
1.9.4 Radio Signatures of CMEs 
In the radio spectrum, type II and Type IV bursts are closely related to CMEs. 
They are usually observed below 400 MHz. Kilometric type II radio emissions 
from 30 kHz to a few MHz are produced in the interplanetary medium (Pick et al., 
2001). Type II bursts are produced by electrons confined to shock fronts, while 
type IV bursts are produced by electrons trapped in moving coronal structures. It 
is not clear whether the shock is driven by the CME or the CME presents 
favorable conditions for shock propagation (Cane, 1984; Gopalswamy et al., 
1998; Cliver et al., 1999). In Fig-1.7 different types of bursts are illustrated. 
• Radio type II bursts: Type II radio bursts are attributed to plasma waves 
excited by shocks and converted into radio waves at the local plasma frequency 
and/or its harmonics. On spectrograph data, the type II emission is observed to 
drift toward lower frequencies. This frequency drift results from the decrease of 
the plasma density as the shock propagates further from the Sun. Recent results 
based on the combination of radio and coronagraphic images show that weak 
bursts drifting in frequency as type II bursts are associated with the leading edge 
of the CMEs (Maia et al., 2000). This result shows that early phase of shock 
development (so called interplanetary shock) can be detected in the corona. 
Thus, radio frequency emissions associated with type II bursts give information 
 
  
on the outward propagation speed of the ejected plasma, in particular, providing 
important clues as to the origin and speed of shocks both close to the Sun and in 
interplanetary space.  
However, type II bursts that are first detected in the low corona are 
primarily associated with ‘impulsive’ flares, whereas interplanetary type II 
emissions are poorly understood. Some type II emissions have been detected 
during slow CMEs, which in theory should not be able to drive shocks. 
Gopalswamy et al. (2000a) showed however that most type II bursts in the 
domain are associated with faster and wider CMEs. While the relation between 
metric and DH type II bursts is controversial (Reiner et al., 2001), there is no 
doubt that the DH type II bursts are indicative of CMEs leaving the outer corona 
and provide an essential tool to detect faster and wider CMEs, which are 
potentially more effective for accelerating particles (Reiner and Kaiser, 1999; 
Gopalswamy et al., 2000a). 
• Radio type IV bursts: The moving type IV bursts come in three varieties: 
advancing fronts, expanding arches and isolated plasmoids (see the review by 
Stewart, 1985). The isolated sources originate from heated prominence material, 
also detected in X-rays and EUV. The advancing fronts and expanding arches 
must be structures associated with the CME itself. These substructures are 
visible only because of the nonthermal particles trapped in them. They were 
found to move roughly with the speed of the associated white-light CME 
(Gopalswamy and Kundu, 1989) or to correspond to the frontal structures of 
CMEs (Maia et al., 2000).  
1.9.5 Remote Sensing of CMEs  
Several techniques have been developed to remotely detect and track 
disturbances related to CMEs in the IP medium, mostly using radio and white 
light wavelengths to detect and crudely image these structures. The radio 
techniques are the km-wavelength radio observations from space and 
interplanetary scintillation (IPS) observations from the ground. The km-
wavelength observations can track the type II emission typically from strong 
 
  
shocks traveling ahead of fast CMEs. Such instruments have been flown on the 
ISEE-3, Wind and Ulysses spacecraft, and on the twin STEREO spacecraft.  
 
1.9.6 Historical Review of CME 
Coronal mass ejections (CMEs) have been a topic of extensive studies since 
their discovery.  They were first observed by the coronagraph on Orbiting Solar 
Observatory (OSO-7) (Tousey, 1973). Subsequently they were observed by 
Skylab (MacQueen et al., 1974; Gosling et al., 1974), the Solwind coronagraph 
on the P78-1satellite (Michels et al., 1980; Sheeley et al., 1982; Howard et al., 
1985). Since 1996, the Large Angle and Spectometric Coronagraph (LASCO) on 
the Solar and Heliospheric Observatory (SOHO) satellite have recorded 
thousands of CMEs.  
In coronagraph observations, CMEs appear as bright features, generally 
having spatial scales of the order of a solar radius (Rs). Several authors (e.g. 
Gosling et al., 1974; Howard et al., 1985; Hundhausen et al., 1994; St. Cyr et al., 
 
  
2000) have reported statistical analyses of large numbers of CMEs. The speed of 
CMEs measured in coronagraph images ranges from less than 100 km/s to more 
than 2000 km/s within about 10 Rs from the solar surface. The average speed is 
about 400 km/s, which is similar to the speed of the slow solar wind at 1 AU. 
These are very large-scale disturbances of the solar atmosphere, involving the 
disturbances of large volumes of the corona and the expulsion of the plasma into 
interplanetary space with energies comparable to large solar flares, about 1032 
ergs.  
Several workers combined the near-Sun coronal shock measurements, 
mainly from the metric Type II radio bursts, with observations from other 
techniques, such as: Doppler scintillation measurements; the detection of 
interplanetary shock by one or more space missions; cosmic ray measurements; 
and shock sudden commencements (SSCs) at the Earth (e.g., Woo et al., 1985; 
Lyubimov 1968; Pinter 1973; Dryer et al., 1974) and derived the radial evolution 
of speed for a number of disturbances represented by the power-law form, V~R-α.  
 In the past years, many authors tried to find and discuss differences 
between CMEs associated with flares and those not associated with flares (e.g., 
Gosling et al., 1976; MacQueen and Fisher, 1983; Sheeley et al., 1999). The only 
difference between flare-associated and non-flare associated CMEs is the 
strength of the magnetic field in the region where the opening takes place 
(Švestka and Cliver, 1992; Švestka, 1995). St. Cyr and Webb (1991) arrived at 
similar conclusion when studying 73 CMEs observed by the SMM. Dryer (1996) 
reviewed the existing observations and modeling to conclude: “CMEs can be 
generated either by flares or by large scale helmet disruptions. Based on 
statistical observation Munro et al. (1979) found that only 40% of CMEs are 
associated with flares, while similar studies by St. Cyr and Webb (1991) found 
even less percentage i.e. 34%. From these results it is very clear that flares do 
not cause CMEs. This relationship is better understood by the view suggested by 
Harrison (1995) as “Flares and CMEs do not drive one another, but are closely 
related”. Further, many authors have found that CMEs associated with flares 
differed in several aspects from those without flares. For example, while the flare-
 
  
associated CMEs propagate with constant speed, those without flares tend to 
show constant acceleration during their rise (e.g., MacQueen and Fisher, 1983; 
Tappin and Simnett, 1997; St. Cyr et al., 1999). Gosling et al. (1976) found that 
flare-associated CMEs were not only faster, but also more likely to produce 
shocks at 1 AU. 
Lin (1970) and Švestka and Švestkova (1974) found very good 
association between solar energetic particle (SEP) events and metric Type II 
radio bursts on the Sun. As type II bursts are closely linked to CMEs, it is not 
surprising that later on a good association was also found between SEP events 
and CMEs (e.g., Kahler et al., 1984). However, Kahler et al.’s (1986) discovery of 
quiescent filament eruption, without any flare, as a source of energetic particle in 
space, became another contribution to the belief that not solar flares, but CMEs 
are producers of all powerful disturbances of the Earth’s environment.  
Early models of CMEs assumed that the bright rim is a thin magnetic ‘loop’ 
or a ‘flux rope’(Mouschovias and Poland, 1978; Anzer, 1978), but such loops 
appear to be more consistent with projections of structures with depths along the 
line of sight comparable to the widths (e.g., Howard et al., 1982; Fisher and 
Munro, 1984; Webb, 1988). Considerable debated on the 3-D structure of CMEs 
persisted for over a decade, but a key finding was that CMEs, when projected 
onto the plane of sky, generally have three-part morphology (Illing and 
Hundhausen, 1986). 
The early work which addressed the large-scale structure of the 
propagating transients was based on IPS measurements of a large number of 
radio sources from the Cambridge IPS array operating at 81.5 MHz (e.g., 
Hewish, Tappin, and Gapper, 1985; Purvis et al., 1987). The Cambridge IPS-
imaging as well as Thaltej and Rajkot IPS array (Operated at 103 MHz) has 
detected a large number of disturbances associated with co-rotating interaction 
regions and CME on the Sun (e.g., Hewish, Tappin, and Gapper, 1985; Alurkar 
et al., 1993; Vats et al., 2001; Oza, 1999, Jadav, 2002).  
 
  
Tappin et al. (1988) and Odstrcil (2003) compared the observed 
scintillation images with the pattern obtained from the 3-D magnetohydrodynamic 
(MHD) simulated models and also demonstrated the effect of line of sight 
integration on the IPS sky-plane images for both halo and partial halo CMEs. 
However, in the recent years, IPS measurements at high observing frequency 
[327 MHz at Ooty (India) & Nagoya (Japan)] on a large number of radio sources 
and Doppler scintillation data have provided CMEs' size, speed, turbulence level, 
and mass and their evolutions at range of distances from the Sun (e.g., 
Manoharan et al., 2000, 2001; Janardhan et al., 1996; Tokumaru et al., 2003; 
Woo et al., 1995). 
In interplanetary space, a class of solar wind structures, referred to as 
magnetic clouds (MCs) first discovered by Burlaga et al. (1981), have been 
closely associated with CMEs (e.g., Burlaga et al., 1998; Webb et al., 2000). 
Although the evolutionary connection between CMEs and MCs has not been 
directly observed, there is strong observational (Larson et al., 1997) and 
theoretical (Chen and Garren, 1993) evidence that MCs are flux ropes with their 
magnetic fields connected to the Sun.  
CMEs often drive interplanetary (IP) shocks that impart the first pressure 
pulse on the magnetosphere resulting in storm sudden commencements. A good 
statistical correlation has been found between interplanetary shocks and CMEs. 
(e.g., Sheeley et al., 1985; Cane et al., 1987) In the recent past number of 
authors have reported the influence of CME interaction on propagation of IP 
shocks (e.g., Burlaga et al., 2001; Manoharan et al., 2003). 
In the recent years, several authors have investigated the CME speeds at 
the near-Sun region, mainly from the space-borne white-light images and their 
implications at about 1 AU (e.g., Lindsay et al., 1999; Gopalswamy et al., 2000b; 
Webb et al., 2000; Srivastava and Venkatakrishnan, 2002; Cane and 
Richardson, 2003; Vilmer et al., 2003; Manoharan et al., 2004). In particular, the 
effective acceleration of the CME  derived from the speeds near the Sun  and at 
 
  
1 AU has been employed to predict the travel time of the CME to 1 AU (e.g., 
Gopalswamy et al., 2001a; Manoharan et al., 2004).  
  CMEs are also now considered to be the major source of transient 
interplanetary (IP) disturbances and shocks causing non-recurrent geomagnetic 
stroms (Gosling 1993; Webb 1995). Enhanced solar wind speeds and southward 
magnetic fields associated with IP shocks and ejecta are known to be important 
causes of stroms (See Tsurutani et al., 1988; Gosling et al., 1991). Geoeffective 
CMEs have the ability to significantly disturb Earth’s magnetospheric 
environment and some technological system (see e.g. Webb et al., 2000; 
Gopalswamy et al., 2001a). CMEs often drive interplanetary (IP) shocks, which 
accelerate solar energetic particles throughout the IP medium including the 
energetic storm particles that are potentially hazardous to humans in space 
(Reames, 1999). Webb et al. (2000), Cane et al. (2000), St. Cyr et al. (2000), 
Cane & Richardson (2003) and Zhao & Webb (2003) all found good associations 
between frontside halo CMEs and ejecta signatures at 1 AU, especially around 
solar minimum.   
During the recent past, several investigators (e.g., Lima et al., 2004; Jadav 
et al., 2005; Sahai et al., 2005; Becker-Guedes et al., 2006) have presented the 
various space weather aspects and their associated ionospheric effects. A similar 
study of another CME event of 4 November 2001 was reported by Iyer et al. 
(2006). Spacecraft and ground based anomalies related to October-November 
2003 events are reported by Webb & Allen (2004). Similar studies of space 
weather implication during October-November 2003; November 2004; January 
2005 and September 2005 has reported by Gopalswamy et al. (2006a). 
1.10 Scope of the Thesis 
Coronal mass ejections (CMEs) are a key feature of coronal and interplanetary 
(IP) dynamics. Major CMEs inject large amounts of mass and magnetic fields into 
the heliosphere and, when aimed Earthward, can cause major geomagnetic 
storms and drive IP shocks, a key source of solar energetic particles. Several 
studies have been made using the excellent data sets from the SOHO, TRACE, 
 
  
Yohkoh, Wind, ACE and other spacecraft and ground-based instruments, which 
improved our knowledge of the origins and early development of CMEs at the 
Sun and how they affect space weather at Earth. Halo-like CMEs are of special 
interest for space weather because they suggest the launch of a geoeffective 
disturbance toward Earth. In this work few halo CMEs are studied and their 
space weather effects reported. To understand the propagation of CMEs in the 
inner heliosphere, an attempt has been made to observe different signatures of 
CMEs from its source to its arrival at 1 AU and further. Several authors believe 
that full-halo CMEs are potential sources of intense geomagnetic activity at the 
Earth (Gosling, 1991; Tsurutani et al., 1988; Webb, 1995). However, not all full-
halo CMEs give rise to major geomagnetic storms. In order to investigate the 
relationship between Dst and other interplanetary parameters, the present study 
aims at ascertaining the parameters responsible for producing major 
geomagnetic storms. 
The Interplanetary Scintillation (IPS) technique provides an important link 
between CMEs and their effects at the Earth’s environment (Manoharan & 
Anathkrishnan, 1990). A coordinated study using scintillation observation 
obtained from IPS array at Rajkot and Ooty Radio Telescope during the year 
1998 to 2003 are described in this work.   
The effects of space weather on technological systems and humans in 
space and on the ground are analyzed and presented in this study. In the last 
decade due to the high solar activity, large numbers of satellites anomalies have 
occurred. In this thesis satellite anomalies during the years 1999-2006 and their 
possible space weather association are reported. Satellite anomalies associated 
with very intense proton event of October-2003 and December-2006 are also 
presented in this work, which gives a better understanding of space weather 
phenomena.  
 
 
 
 
  
CHAPTER-2  
IPS THEORY AND EXPERIMENTAL SETUP 
 
2.1 IPS Theory 
The interplanetary scintillation (IPS) technique (Hewish, Scott & Wills 1964) is 
one of the important remote sensing methods to obtain the information about 
solar wind flow. This technique provides the three-dimensional structure of the 
solar wind at various distances in the inner heliosphere (≤ 1AU).  
The interplanetary scintillation (IPS) technique exploits the scattering of 
radiation from distant point like radio sources. Radio sources of angular diameter 
≤ 0.4 arcsec exhibit intensity fluctuations having a time scale of a few 
milliseconds. It has been shown that these fluctuations are due to scattering by 
irregularities of electron density in the Interplanetary Medium (IPM) and the 
phenomenon has become known as interplanetary scintillation (IPS).  
A plane wavefront from the radio source gets phase modulated by the 
refractive index variation caused by the density fluctuations in the solar wind 
(Tatarski 1961) and the resultant diffraction pattern caused by the scattered radio 
waves, which drifts past the observer with the velocity of the solar wind, produces 
temporal intensity fluctuation on the ground as illustrated schematically in the 
Fig- 2.1. 
  The fundamental geometry of IPS observation is shown in the Fig-2.2. 
The angle between the Sun, Earth and the compact radio source is the solar 
elongation, ε, and it changes by about one degree per day due to the orbital 
motion of the Earth around the Sun. The IPS measures the integrated effect of 
the solar wind along the line of sight. However, IPS measurements are heavily 
weighted by the solar wind in the region (at point P), where the line of sight is 
closest to the Sun, because the spectrum of density variance decreases steeply 
with distance from the Sun, ФNe(q) < R-4. Thus, it is assumed that the IPS 
provides the estimates of properties of the solar wind at a single point (P) in 
space. For a non-ecliptic radio source, the point P covers higher heliographic 
 
  
latitudes, γ, as the source approaches the Sun (Fig. 2.2). But, the velocity 
estimation is limited by the saturated (or stronger) scintillation at smaller 
distances from the Sun. For example, at 327 MHz, measurements of solar wind 
speed are possible at distances ≥ 40 Rs, i.e., ε ≥ 100 (Rs=solar radius). 
(Manoharan & Ananthakrishnan, 1990;  Manoharan, 1991).  
2.1.1 Scintillation Index 
IPS is the same phenomenon as optical twinkling scaled to radio wavelengths. In 
both cases, a wave traveling through an inhomogeneous medium is scattered 
into an angular spectrum, which causes a loss of resolution in an optical 
telescope or de-correlation in a radio interferometer. More prominent in the radio 
case is the intensity scintillation that results from interference between the plane 
waves that make up the angular spectrum.  
The degree of scintillation is characterized by the scintillation index, m, 
which is the ratio of the rms intensity to the mean source intensity, 
 
The strength of the scattering is related to the density of plasma; hence 
the enhancements in m can be related to plasma density enhancements along 
the line of sight. The scintillation index can also be derived from the power 
spectrum, PI (f) as 
 
i.e. the square of scintillation index is related to the area under the power 
spectrum. 
The magnitude of intensity fluctuations expressed by m gives information 
about the electron content of the irregularities, the scale of the diffraction pattern 
is simply related to the corresponding scale of the plasma irregularities and the 
motion of the diffraction pattern gives a measure of the solar wind velocity. 
 
 
  
 
 
  
The radio-wave scattering in the solar wind can be classified into two categories:  
1) Strong scattering when the rms phase fluctuations, Ф ≥1 radian and   
2) Weak scattering for Ф ≤1 radian (Manoharan 1993).   
The scattering strength, which is high at the near-Sun region, decreases 
with distances from the Sun. For example, in the case of Ooty IPS 
measurements at 327 MHz, the ‘strong –to-weak’ transition occurs at a distances 
of ~ 40 Rs from the Sun and the transition region moves further away from the 
Sun for decreasing frequency of observation. In the weak-scattering region, the 
temporal spectrum, P(f), is linearly related to the electron density fluctuations 
spectrum, ФNe (k) and the relation can be inverted either by model fitting (e.g., 
Manoharan & Ananthakrishnan,1990) or by an inverse Abel transform (e.g., 
Coles & Harmon, 1978).  
 In the weak-scintillation regime, the Born approximation is applicable. 
Thus the extended medium between the radio source and the observer can be 
considered to consist of thin layers perpendicular to the line of sight, the 
observed intensity fluctuations being the sum of contributions to the line of sight. 
Fig-2.3a shows the composite plot of scintillation index  vs Heliocentric 
distance for the radio source 3C459 observed by Thaltej Radio Telescope at 103 
MHz, while Fig-2.3b shows the plot for radio quasar 3C279 observed by Ooty 
Radio Telescope (ORT) at 327 MHz. As discussed above, the scintillation peaks 
around the heliocentric distance where the transition of weak to strong scattering 
region occurs (i.e., 300 or 110 Rs) for Rajkot and around 110 (40 Rs) for Ooty. This 
peak is highlighted with arrow in the Fig-2.3. 
Manoharan (1993) has shown that the transition region can move toward 
or away from the Sun depending on the changes in the level of turbulence of 
large-scale density irregularities. At a given distance from the Sun, a large 
deviation above (or below) the mean curve seen in the scintillation indicates the 
high level of turbulence due to transients (or depletion of turbulence) in the solar  
 
 
  
 
 
  
high level of turbulence due to transients (or depletion of turbulence) in the solar 
wind. Furthermore, since the   scintillation plot of the radio quasar 3C279 has 
been made using observations taken over plot of the radio quasar 3C279 has 
been made using observations taken over several years; this plot would therefore 
include any systematic variations caused by the solar cycle changes.  
2.1.2 Normalized Scintillation Index 
The normalized scintillation index, generally denoted by g, is the ratio of the 
observed scintillation index of a radio source at a given distance from the Sun 
and its long-term baseline value of the scintillation index at the same distance, as 
given by, 
 
The index g is more useful in estimating the transient or dynamic part of 
turbulence in the interplanetary medium. Here, g = 1 means the average 
condition in a particular region. Hence, an increase in g, say g >> 1 will imply the 
presence of greater level of turbulence and high-density plasma, which are 
characteristic of IPD. The advantage of g parameter is to reduce the effect of 
elongation variation of the source on scintillation. The g maps of the sky have 
been produced at frequent time intervals from observations of a large number of 
sources using Cambridge and Ooty system and are useful in predicting IPD 
much before their impact on Earth. 
2.1.3 Solar Wind Velocity from Scintillation Power Spectra 
In general, the power spectrum with an ideal point source has a flat portion at low 
frequencies, f < υ, caused by the Fresnel filter function acting on the power law 
shape of the spectrum (The Fresnel filter function attenuates the low frequencies 
and acts as a high pass filter). A typical power spectrum for radio source 3C48 
and 3C237 obtained from Rajkot IPS array are shown in the Fig-2.4a and Fig-
2.4b respectively, an arrow in these figures indicates the Fresnel frequency.  
Around the Fresnel frequency, υ, a transition region occurs corresponding to the 
first minimum of the Fresnel filter function. This is called as “Fresnel knee”. The 
 
  
frequency of the Fresnel knee, υ, is proportional to the solar wind velocity. This is 
because the power spectrum as a function of frequency is related to the spatial 
wavenumber qx by, 
 
Where Vp(z) is the projected solar wind velocity, at a screen distance z, along the 
x direction perpendicular to the line of sight. 
The formula used to derive solar wind velocities using single station is, 
 
Here z is the distance of the closest point on the line-of-sight, λ the operating 
wavelength (in case of Rajkot radio telescope it is 2.91 meters) and υ is a 
frequency called Fresnel knee to be obtained from the power spectrum of that 
particular source. Here, the power spectrum, i.e. power in the frequency domain, 
was obtained by Fourier analyses of the time domain signal intensity data. 
2.2 Advantages of IPS Observations 
IPS method has several advantages over other direct methods to probe the 
interplanetary medium. 
a) Using IPS, we can track density structures propagating out from the Sun and 
should be able to predict their time of arrival at the Earth. Since these 
structures carry the enhanced fluxes of momentum and energy that drive 
geomagnetic activity, IPS measurements provide potentially an important 
space weather indicator that can help to predict the onset of geomagnetic 
activity. 
b) It can be used both in and out of the ecliptic plane, which is not possible with 
spacecrafts. IPS observations at various frequencies can probe the medium 
at elongation angles (ε) from few degrees around the sun to almost 90° 
covering 0.1 to 1.0 AU. This is in contrast to coronagraphs and radio 
heliographs, which are effective only up to a few solar radii around the Sun. 
 
  
 
 
  
c) As IPS is sensitive to plasma along the line of sight to the source, it is 
affected by a large fraction of the interplanetary medium, unlike spacecraft 
that give in-situ measurements of the IPM where they are situated. This 
enables one to monitor a large fraction of the interplanetary medium 
integrated along the line of sight during a transient event.  
d) This technique provides good spatial coverage.  
The method of IPS, thus, provides a ground-based alternative to expensive 
space missions for monitoring interplanetary activity over a rage of spatial and 
temporal scales. However, as the effect is integrated over the line of sight (LOS), 
the observation becomes an approximated value at a point of closest approach 
of LOS to the Sun. 
2.3 Limitations of the IPS Observations 
There are few limitations of IPS technique as follows: (Hapgood & Lucek, 1999) 
a) Density Structures that miss the Earth: The IPS technique is best suited to 
detecting density structures at some elongation from the direction of the Sun. 
(For the Rajkot array it is elongations of 20° to 100°, and for ORT it is of 5° to 
60°) Thus IPS detects structures that are propagating at an angle to the 
Earth-Sun line.   
b) IMF Orientation: It is very well known that the IMF north-south component 
Bz, controls the flow of energy and momentum from the solar wind into the 
magnetosphere. Thus only density structures associated with southward IMF 
will be effective in generating geomagnetic activity. Since IPS detects density 
structures but has no correlation with Bz (Hapgood & Harrison, 1994), we 
may expect that a significant fraction of IPS events will not be associated with 
enhanced geomagnetic activity. In any prediction scheme based on IPS data, 
the IMF orientation is an additional independent factor that must be taken into 
account.  
c) Ionospheric Scintillation: The motion of plasma irregularities in the Earth's 
ionosphere is also a source of scintillation in natural radio signals. This 
 
  
Ionospheric scintillation is an additional signal that can confuse our 
interpretation of IPS results. Unfortunately, Ionospheric scintillation can be 
triggered by enhanced geomagnetic activity, and therefore is likely to occur in 
conjunction with the IPS events that could help to predict enhanced 
geomagnetic activity.  
d) Seasonal Effects: As noted above, IPS detects density structures when they 
lie at an angle to the Earth-Sun line, i.e. within a cone of solid angle centered 
on the Sun. However, only a fraction of that solid angle is viewable from a 
particular site on a particular day. This fraction exhibits marked seasonal 
variations.  
2.4 Experimental set-up used for the Present Study 
The IPS observations reported in this thesis have been obtained from the Ooty 
Radio Telescope (ORT) and Rajkot Radio Telescope. These telescopes were 
used to detect the signatures of interplanetary disturbances either resulting from 
coronal mass ejection (CME) or co-rotating interaction region (CIR).   
The IPS array at Rajkot, previously a part of three-station IPS network 
(Ahmedabad, Rajkot & Surat) of PRL, Ahmedabad, is a Radio Telescope 
operating at 103 MHz. The other two observatories (Ahmedabad and Surat) are 
not operating due to FM Radio Interference. The technical details of the Rajkot 
Telescope are given in Vats and Deshpande (1994) and Sharma (1988). Results 
of earlier investigation of IPM and CMEs using this system are reported in the 
Ph.D. thesis of Oza R. M. (1999) and Jadav R. M. (2002). In addition to study of 
IPM, the Rajkot IPS array has also been use for the study of TIDs (Jadeja et al., 
2001), solar radio bursts (Vats, et al., 1996) and Geminga pulsar ( Vats et al., 
1997). 
The IPS array is a transit type antenna i.e. the sources are observed 
during their transit over the antenna beam. This arrangement is same as in 
Cambridge University, UK and University of California, San Diego, USA. 
However, both these systems are not operating at the moment. 
 
  
2.4.1 The Radio Telescopes 
Radio telescopes are used to study naturally occurring radio emissions from 
stars, galaxies, quasars, and other astronomical object between wavelength of 
about 10 meters (30 MHz) and 1 millimeter (300 GHz). At wavelength longer than 
about 20 cm (1.5 GHz), irregularities in the ionosphere distort the incoming 
signals. This causes a phenomenon known as scintillation.   
2.4.2 The Radio (IPS) Telescope at Rajkot  
This Radio Telescope built by IPS group, PRL-Ahmedabad (Alurkar et. al., 1987) 
for the study of Inter Planetary Scintillation (IPS) has been in operation at 
Saurashtra University-Rajkot, since 1984. The entire IPS telescope system 
consists of following subsystems: 
a) Antenna Array 
b) Pre-amplifiers and multibeam-forming matrix 
c) Receiver and analog data recording system 
d) A/D conversion and digital data recording system 
A schematic diagram of the complete system is shown in Fig-2.5 
a) Antenna Array 
This antenna, operating at 103 MHz, is a filled aperture phased array, made up 
1024 full wave dipoles. Each dipole with 2.91 meter length is fixed in 64 rows in 
east-west direction with 16 dipoles in each row. The antenna array is divided into 
two halves, viz., the north and south. Each half comprises 32 transmission lines, 
each loaded with 16 dipoles, polarized in horizontally in the N-S direction to form 
a correlation type interferometer observing source at meridian type.  The length 
of dipole is 2.91 meter and the distance between two consecutive dipoles is kept 
at 145.5 cm equal to a half wavelength (λ/2). The sixty four transmission lines 
and their dipoles are supported by 2" diameter Mild Steel (M.S.) black pipes 
which are put 2.5 feet inside the earth and filled with cement concrete.  
 
  
The separation between the parallel wires of the transmission lines is 5 cm 
and is maintained by two mild steel pulleys at the end of each transmission lines. 
This spacing of 5 cm corresponding to characteristic impedance of 400 Ohms is 
maintained constant along the transmission line by placing Hylem spacers at 
regular intervals of a half wavelength. 
The full-wave dipoles are made from a hard copper-clad steel wire and 
they are mounted approximately 0.22 λ (i.e. 60 cm) above well-stretched 
horizontal wires forming the ground plane. The effective aperture of antenna is 
~5000 m2. A photograph of the antenna array is given in Fig-2.6a and photograph 
of the complete receiving system hardware is shown in Fig- 2.6b. 
b) Pre-Amplifiers and Butler Matrix (BM) at 103 MHz 
In order to realize the maximum aperture sensitivity of IPS antenna array, the 
output of each transmission line is fed to low noise pre-amplifiers. These pre-
amplifiers enhance the signal so they can reach up to the control room without 
much loss.  
 The 64 coaxial cables carrying 64 independent amplified outputs of the 
entire antenna array are divided into two equal groups, one from the first 32 
cables (Northern half) and the other from the remaining 32 cables (Southern 
half). Each half of the array formed a beam-forming network, called the Butler 
Matrix. This ensures phase and amplitude stability of the signal which is the pre-
requisites of the BMs.  
Using a Butler Matrix, a multi-beam pattern is formed once for all, so that 
each of the beams points in a particular declination. A Butler Matrix generates 
simultaneous independent beams from identical outputs of an antenna array with 
a uniformly illuminated aperture (Butler, 1966). 
 
 
 
 
 
  
c) Correlation Receiver 
Fig-2.7 shows a block diagram of the correlation receiver. It is a dual channel 
receiver (SIN and COS) which is connected to the two halves of the antenna 
array to form a phase-switched interferometer in declination. The receiver has a 
common crystal-controlled local oscillator operating at 73 MHz, giving an IF of 30 
MHz for each channel with a bandwidth of about 2.0 MHz. 
Since low-noise preamplifiers are use immediately after each antenna 
array unit of 16 dipoles, the effective noise figure of the system is quite low, 
limited only by the galactic background. The details of this receiver are given by 
(Nirman et.al., 1987). 
d) Analog & Digital Data Recording System 
The two outputs viz. ‘SIN and COS’ derived from the correlation receiver are 
recorded on a strip-chart recorder as well as on a computer after A/D conversion 
at 20 samples/sec. The SIN channel is for the purpose of monitoring the quality 
of the IPS observations. For Rajkot Radio Telescope, the response of phase-
changing interferometer to a scintillating radio source comprises three 
components: 
1) A broadband system noise voltage 
2) A slowly varying voltage due to the passage of the source through the 
interference pattern of the telescope. The upper limit of 40 its frequency 
spectrum is given by 7.3 x 10-5 (d/l) x Cosδ Hz, which works out to about 
1.2 x 10-3 Hz for d = 0 for the Rajkot telescope. Here ‘d’ is east-west 
dimension of the antenna, ‘δ’ is the declination. 
3) A rapidly changing voltage caused by the scintillations, it has a noise like 
character and its frequency spectrum depends on the existing conditions 
in the solar wind, solar elongation, the apparent angular diameter of the 
source, the receiver bandwidth etc.  
 
 
 
  
 
 
 
  
 
   
 
 
 
 
  
 
 
  
2.4.3 The Ooty Radio Telescope (ORT) 
The Radio Astronomy Centre of the Tata Institute of Fundamental Research 
(TIFR) is situated near Udhagamandalam (Ooty) in the beautiful surroundings of 
the Nilgiri Hills in South India. The Radio Telescope at Udhagamandalam, being 
operated by this centre. It is also known as Ooty Radio Telescope (ORT). It is 
among the largest in the world, has been designed and fabricated fully 
indigenously.  
The telescope operates in a band of about 4 MHz centered on a radio 
frequency of 327 MHz (a wavelength of 0.92 m). Nowadays it is mostly used for 
solar wind monitoring by IPS studies. Having collecting area as large as ~ 8000 
m2 and the possibility of tracking a particular source for about 9 and a half hours 
makes it well suited for IPS Studies. It can also be used to track typical transients 
from sun and to study their density and velocity evolution during their passage 
through Interplanetary Medium.  
The design of the ORT (Swarup et al., 1971) is unique. It has a parabolic 
cylindrical reflecting antenna, 530 m long in the north-south direction and 30 m 
wide in east west. 1100 thin stainless-steel wires form the reflecting surface of 
ORT. The antenna is equatorial mounted as its long north-south axis lying 
parallel to the axis of rotation of earth. This is achieved by mounting the cylinder 
on a hill of same inclination (+11° 22’ 50’’) as the latitude of the place 
(Udhagamandalam). 
A photograph of antenna and a schematic diagram of receiver system of 
ORT are shown in Fig 2.8 and 2.9 respectively. An array of 1056 dipoles is 
placed along the focal line of the parabolic cylindrical reflector. A Group of 48 
dipoles form each of the 22 electronic modules, which constitute the feed system 
of the telescope. Each dipole is connected through 4-bit radio-frequency (rf) 
diode phase shifters used to set the observing declination (Joshi et al., 1988) to a 
“Christmas-tree” feeder system. A PDP-11/24 computer controls the phase-
shifters, which is also responsible for data acquisition. 
 
  
The beam of each module can be tilted in the north-south direction by 
introducing appropriate phase shifts between the successive dipoles in each half 
module, the outputs of pairs of half modules being combined to form the beams 
of the single modules. 
The signals from all 22 modules are corrected for module-to-module delay 
and phase-differences at the IF stage. In this way, a declination coverage of δ = + 
36° is achieved. For observation outside this range the IF delays are not 
adequately compensated and hence the sensitivity drops sharply. 
There are twelve beams in North-South direction in ORT. Any two 
adjacent beams are separated by 3’ sec (δ) in declination. Thus, the twelve 
beams projected on the sky cover 36’ sec (δ) in declination, making the ORT 
particularly useful for survey-type observations. For IPS observations, this multi-
beam coverage is used for monitoring both source and off-source regions 
simultaneously. 
For beam-formation, the output of each module is subdivided into twelve 
equal parts at IF and each output is delayed appropriately with respect to other 
modules by suitable lengths of dabbles, to give a 3’ shift in declination at the 
equator. This results in 12 X 22 outputs that are combined appropriately to form 
the twelve beams. 
Each beam of the ORT can be operated in both total-power and 
correlation modes. In correlation mode, the output of the northern half of the 
telescope is cross-correlated (multiplied) with that of the southern half. In the total 
power mode, the outputs of the northern and southern halves of the telescope 
are summed. 
The half-power beam-width for both these modes is about 2° in the east 
west direction, while in the north-south direction, the beam width is about 3.9’ sec 
(δ), for the correlation mode and about 5.5’ sec (δ) for the total power mode. 
 
 
 
  
 
 
  
 
 
 
  
Although the sensitivity in the correlation mode is √2 times poorer than in 
the total-power mode (Kraus, 1966), the correlation mode is preferred for IPS 
observations since it provides more stable base lines. Further, in the correlation 
mode the level of interference is considerably less as most of the interference 
that arises locally does not correlate between the two halves of the telescope.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
CHAPTER-3  
NEAR EARTH SPACE SIGNATURES OF CORONAL  
MASS EJECTIONS 
 
3.1 CME - Introduction 
Coronal Mass Ejections (CMEs) are the most energetic and the largest 
phenomena associated with the eruption of plasma and magnetic field from the 
Sun. They are believed to be caused by sudden disturbances in the Sun’s own 
magnetic field. These magnetic field stretch and twist like titanic rubber bands 
until they snap. CMEs are initiated and accelerated in the Sun’s corona and 
subsequently propagated into the heliosphere causing interplanetary 
disturbances and geomagnetic storms. The effects produced by the CMEs in the 
Earth’s near space environment are broadly termed ‘Space Weather’. These 
effects include interplanetary shocks, which upon arrival on the Earth, initiate 
geomagnetic storms. The geomagnetic storms that signal the arrival of CMEs in 
the near Earth space show accompanying phenomena; major ones being release 
of trapped particles from the magnetosphere to auroral zones causing increased 
spacecraft charging, interference with satellite communication and surveillance 
systems, atmospheric heating by charged particles resulting in increased satellite 
drag, deterioration of magnetic torque altitude control system of satellites etc. 
These can cause hazards to Space operations. 
The main objective of space weather research is to trace the flow of 
energy from the Sun to the Earth's upper atmosphere. Large changes in the 
energy input at Earth can seriously affect many technological systems. 
Scientists customarily assume that the best indicator of the intensity of a 
geomagnetic storm is the minimum value of the Dst index, the longitudinally 
averaged deviation of horizontal component of Earth's low-latitude surface 
magnetic field as a function of storm time. 
 During solar maximum phase, the number of such CMEs increases and 
many are capable of accelerating particles up to MeV energies  It has been 
 
  
reported that during the period 2000-2005 maximum number of nine super 
geomagnetic storm of the solar cycle 21 to 23 have occurred (Sahai et. al., 
2005). A well observed and thoroughly investigated CME occurred on 14 July 
2000 on the Bastille Day and hence called Bastille event (see special issue of 
Solar Physics, 204, 2001 for detailed analysis of various aspects of this event). 
The propagation of the associated IP shock in this event down to the location of 
Voyager-2 at 63 AU has been identified (Burlaga et al., 2001). Alongwith the 
vigorous development of space activities, increasing interest is directed towards 
space weather in order to avoid or mitigate damage by space weather calamities 
to technological systems caused by intense solar events. During the recent past, 
several investigators (e.g., Lima et al., 2004; Jadav et al., 2005; Sahai et al., 
2005; Becker-Guedes et al., 2006) have presented the various space weather 
aspects and their associated effects. A similar study of another CME event of 4 
November 2001 was reported by Iyer et al. (2006). In this chapter, the CMEs 
which occurred in the month of November 2003, November 2001, March 2001   
and February 2000 are thoroughly investigated and their space weather effects 
brought out. 
 The signatures of the CMEs in the interplanetary medium (IPM) sensed 
by Ooty and Rajkot Radio Telescopes, the solar observations by LASCO 
coronagraph onboard SOHO, GOES X-ray measurements, satellite 
measurements of the interplanetary parameters, GPS based ionospheric 
measurements, the geomagnetic storm parameter Dst and ground based 
ionosonde data are used in the study to understand the space weather effects in 
the different regions of the solar-terrestrial environment. The effects of these four 
events are compared and possible explanations attempted. 
3.2  Geoeffectiveness of CMEs 
CMEs occurring from  a location on that side of the Sun directly in front of Earth 
are known as  Earth-directed CMEs and hence Geo effective CMEs. Such CMEs 
significantly perturb Earth’s environment. The Earth-directed CMEs are the major 
cause for the severe geo-magnetic storms (Gosling et al., 1991). There are a 
 
  
number of factors like direction of propagation of CME, speed of CME, its size, 
density and orientation and strength of magnetic field at the near Earth space, 
which determines geoeffectiveness of CMEs. In the following sections, a few 
CME events are studied and the results described. 
3.3 The Event of 18 November 2003 
The second half of October-November 2003 witnessed extra ordinary solar 
storms during the period 44 M-class and 11 X-class solar flares were reported 
(Woods et al., 2004). This unusual activity was mainly from two large sunspot 
groups (10484 and 10486). As pointed out by Gopalswamy et al. (2005) the 
largest geomagnetic storm of solar cycle 23 occurred on 20 November 2003. 
This was caused by a CME from the sunspot 10501 that erupted near the centre 
of the Sun on 18 November 2003. 
3.3.1 Solar Observations 
To understand various signatures of this CME solar observations like white light 
coronagraph, radio observations etc are described in detail in this section. 
a) CME observations: The Large Angle and Spectrometric Coronagraph 
(LASCO) is a set of three ‘coronagraph’ telescopes on-board the SOHO satellite. 
A coronagraph is a special type of telescope that uses a solid disk (‘occulter’ or 
‘occulting disk’) to actually cover up the Sun itself, completely blocking direct 
sunlight, and allowing us to see the atmosphere around the Sun (known as the 
‘corona’). LASCO observed a full halo CME on 18 November 2003. A wide faint 
loop front was seen in C2 at 08:06 UT in SE quadrant (Fig-3.1a), but brightest in 
the S quadrant (Fig-3.1b) at 08:26 UT; this front had faint extensions up to the N 
pole. At 0850 UT a second, much brighter front appeared spanning 160 degrees 
from the SE to NW and with fainter extensions to the N pole (Fig-3.1c). These 
developed into a full halo CME by 09:18 UT.  
EIT (the Extreme ultraviolet Imaging Telescope) is another instruments 
on-board SOHO. It takes direct images of the Sun using different filters that allow 
us to see different layers of the Sun's outer atmosphere. EIT is able to image the  
 
  
solar transition region and inner corona in four, selected bandpasses in the 
extreme ultraviolet (EUV), i.e., Fe IX/X, 171 A0 , Fe XII, 195 A0 , Fe XV, 284 A0 
and He II, 304 A0 . Using either full-disk or subfield images, the EIT can image 
active regions, filaments and prominences, coronal holes, coronal bright points,  
polar plumes, and a variety of other solar features. The Fig-3.2 shows an image 
observed by EIT between 07:36 and 09:00 UT on 18 November 2003. Arrow in 
this image indicates CME was associated with a complex activity around AR 
10501. 
GOES observations (Fig-3.3) show rather extended and structured M 
class flares between 07:16 and 09:00 UT. CME’s initial speed estimated from 
LASCO observation was ~1660 km/s. It was deduced from coronagraph 
observations of height and time of CME material. The plot of CME’s height and 
time is shown in Fig-3.4.  
b) Radio Observations: Fig-3.5 shows solar activity observed by Nobeyama 
Radio Heliograph at radio wavelength on 18 November, 2003. Few intense and 
bright spots near the centre of the Sun are visible in this figure. These intense 
spots were correlated with EIT image (Fig-3.2). Radio emission near the solar 
limb was also visible from this Radio Heliograph. 
Fig-3.6 is images showing source of type II radio burst observed by 
WAVES on board WAVES spacecraft. They will provide comprehensive 
coverage of radio and plasma wave phenomena in the frequency range from a 
fraction of a Hertz up to about 14 MHz for the electric field and 3 kHz for the 
magnetic field. This package permits several kinds of measurements, all of which 
are essential to understanding the earth's environment --the Geospace-- and its 
response to varying solar wind conditions. As shown in the Fig-3.6 type II radio 
burst started at 10:00 hrs in the frequency range of 1-10 MHz. This burst lasted 
for almost 50 minutes and slowly drifted downwards in frequency.  
 
        
 
  
 
 
 
 
 
 
 
  
 
 
  
 
Fig-3.4: Height vs Time plot of CME observed on 18 November 2003 
3.3.2 Interplanetary Observations 
The Ooty Radio Telescope (ORT) observes several radio sources every day and 
generates the g-maps, which represent the excess plasma turbulence in a given 
direction along the line of sight to the source over the mean value. When CME 
material crosses the line of sight to the Radio Source it will show up as larger 
value of g in excess of unity. The ORT observations during this event show 
significant enhancement in g-values for at least three radio sources on 20 
November 2003 (Fig-3.7). For source 2018+295 and 2012+234 g-values 
quadrupled to 4.014 and 4.703 respectively. The high rise in the g -values 
suggest the presence of interplanetary signature of the Coronal Mass Ejection.  
Other interplanetary parameters observed by ACE satellite at 1 AU 
indicating the interplanetary effects of the coronal mass ejection are shown in 
Fig-3.9. The solar wind speed (second panel from bottom) increased abruptly 
from 450 km/s to 704 km/s on 20 November 2003 at 09:00 UT. This was 
indicative of the presence of shock associated with the arrival of CME material. 
The particle density (bottom panel) also increased simultaneously with speed 
 
  
and remained high for about 24 hrs, indicating the passage of ICME. The second 
panel from top in Fig-3.9 describes ram pressure which intermittently remained 
high. The product of Vx2 and density (ρ=nm) of the solar wind is defined as the 
ram pressure. The magnetic field B increased as shown in figure. Bz started its 
negative excursion from a positive value of 28 nT at 11:00 UT reaching a value of 
– 45 nT at 16:00 UT on 20 November 2003. This negative excursion of Bz is 
considered to be an important driver of geomagnetic storm.  
3.3.3 Geomagnetic and Ionospheric Storm 
A geomagnetic storm occurs when the energy content of the radiation belts, i.e. 
the ring current, increases to unusually large values. The conditions in the solar 
wind that lead to the generation of major geomagnetic storms are relatively rare 
and depend on the level of solar activity occurring most often when the sunspot 
number is a maximum. Another condition to produce storm is that the 
interplanetary magnetic field must be strong and steadily southward for several 
hours.  
Coupled with a very sharp increase in southward magnetic field  Bz  up to  
-45 nT on 20 November 2003 (Fig-3.9), the CME triggered the largest 
geomagnetic storm of solar cycle 23, characterized by Dst  reaching  at – 472 nT 
on 20 November 2003 at 20:00 UT. The CME evolved into a magnetic cloud, 
which was highly tilted so that the axial magnetic field had strong south ward 
component that reconnected with earth’s magnetic field triggering the magnetic 
storm (Gopalswamy et al., 2005).  
The eastward electric field component Ey is the product of the outward 
solar wind velocity and the northward component of the interplanetary magnetic 
field. As shown in the Fig-3.9 (uppermost panel) it was positive after a sharp 
decline during the storm time.  
The ionospheric condition can be characterized by the parameter Total 
Electron Content (TEC), which represents the total ionization in the ionosphere 
and is measured now a day using the GPS constellation of satellites.  
 
 
  
 
 
 
  
 
  
During storm time, ionospheric Total Electron Content (TEC) varies from 
its usual behavior hence Global Positioning Satellite (GPS) signals received at 
ground level undergo group delay depending upon the variation in the TEC. The 
ionospheric delays calculated from the GPS TEC measurements during this 
event were studied by Mannucci et al (2005) [Fig-3.8]. They observed drastic 
decrease in the delay by 20-25 meters (Arrow A) within a short duration of 4 
minutes in some longitude sectors. At the same time increase in the delay by 
about 10 meters (Arrow B) and then subsequent recovery are seen by them in 
other longitude sectors. This indicates the large plasma redistribution, causing 
ionospheric plasma enhancements during the daytime and depletions during the 
nighttime. This is probably a consequence of the positive values of Ey shown in 
Fig-3.9. 
3.3.4 Summary 
LASCO observed a very fast and wide angle CME erupted from active region 
10501. The same active region 10501 produced an M1.8 level impulsive flare at 
01:30 UT and a long duration M3.2 level flare at 07:30. The second flare was one 
of a complex series of M level activity lasting several hours. Activities were seen 
in Extreme Ultraviolet (EIT) image of the Sun in good temporal and spatial 
association with the Mass Ejection by LASCO coronagraph and X-ray flare by 
GOES satellite.  
A Type II radio sweep was observed by the WIND/WAVES and the 
Culgoora radiospectrograph with an estimated shock speed of 420 km/s. It took 
around 58 hours for the CME to produced the biggest storm of the solar cycle 23 
(Dst = -472 nT). CME also perturbed ionosphere and hence the TEC varied as 
reported by several GPS stations. 
 
 
 
 
 
  
 
 
 
  
 
 
  
3.4 The Event of 4 November 2001 
3.4.1 Solar Observations 
As explained for the earlier event the solar observations of a CME means its 
white-light, soft X-ray, radio and H-alpha observations. All these are described 
here. 
a) CME Observations: Twisted magnetic fields near sunspot 9684 erupted on 
November 4 2001, at 16:20 UT. The explosion sparked an X1/3B flare and hurled 
a bright coronal mass ejection toward Earth. The CME started to appear in C2 at 
16:25 UT on 4 November 2001 which developed into a full halo CME by 16:50 
UT (Fig-3.10a-f). GOES observations (Fig-3.11) showed an X-class flare at 16:20 
UT. Unlike the previously described event in this case the height-time plot (Fig. 
3.12) shows a lesser velocity of 259.3 km/s. 
b) Soft X-ray observations: Yohkoh of Japan provides the soft X-ray images. 
Soft X-ray observations show details of the origin of the ejected material. In Soft 
X-ray we see the general corona and transient features such as ejections. Thus 
there is the possibility of observing CMEs directly in emission as they actually 
start. X-ray emission arises directly from the emission of the hot coronal gas. It is 
isotropic and not concentrated in the plane of the sky (like white-light emission). 
Fig-3.13 shows Yohkoh soft X-ray image related to 4 November 2001 event. A 
strong X-ray flare appeared at 16:00 and its intensity peaked at 16:20 UT. No 
flare occurred after that from this Active Region (9084) on that day. 
The white-light CME appeared just after this time period at 16:20 UT. This 
can be understood as a strong correlation between the flare and CME activity. 
c) Radio Observations: Fig-3.14 shows the solar activity observed by 
Nobeyama Radio Heliograph on 4 November, 2001. On this day because of high 
activity on the Sun, several active regions were observed by radio heliograph. 
Strong X-ray flare at 16:20 UT on the northwest quadrant probably associated 
with the region marked with arrow in this figure. White part in the center of this 
region indicates its high intensity and this region were remained active for several  
 
  
       
 
 
 
  
 
 
  
 
 
  
active for several hours. The red colour in this image displays background 
radiation of the Sun. Other flaring activities were also seen on both sides of the 
limb. 
Fig-3.15 is a sequence of images showing probable source of type II radio 
burst observed by Nancay Radioheliograph at 164 MHz. In the first image 
stationary but radially moving source is visible in northwest quadrant at 09:57 UT. 
As time passes the intensity and size of this source also varies as shown in the 
second and third image. The source shown in these images is most probable 
source, from where extremely intense broadband type II radio burst is erupted. 
This burst is observed by WIND onboard WAVES at 16:30 UT, soon after the 
flare eruption. hours. The red colour in this image displays background radiation 
of the Sun. Other flaring activities were also seen on both sides of the limb. 
hours. The red colour in this image displays background radiation of the Sun. 
Other flaring activities were also seen on both sides of the limb. 
d) H-alpha observations: H-alpha image gives the information of Sun’s 
chromosphere, which is one of the most active regions of the Sun. It allows one 
to see the eruption of Solar flare and the filaments on the solar disk. 
Disappearance of filaments is also associated and considered as a source of 
coronal mass ejection. Fig-3.16 shows the H-alpha image of 4 November 2001 
observed by OBSERVATOIRE DE PARIS. Corresponding to the site in the 
North-West Quadrant near N06W18 and NOAA Active Region 9084 from where 
the Halo CME erupted, a bright H-alpha solar flare was seen by different 
observatories of the world.  
3.4.2 Interplanetary Observations 
ORT observations show significant enhancement in g-value. Radio source 
1802+110 showed high g-value of 9.187 on 5 November whereas for source 
1756+134, g-values increased substantially to 7.72 (Fig-3.17). The interplanetary 
parameters near 1 AU obtained from the ACE satellite are described in Fig-3.18, 
which shows  the arrival of the IP shock with  solar  wind  velocity  increase  from  
 
 
  
 
 
 
 
 
 
 
  
~375 km/s to ~700 km/s near 02:00 UT on 6 November 2001. A corresponding 
decrease in IMF Bz and increase in particle density are also observed. 
3.4.3 Geomagnetic and Ionospheric Effects 
The geomagnetic super storm is signified by the high Dst values of ~ - 300 nT at 
06:00 UT on 6 November 2001 (second panel from top of Fig-3.18).  
The ionospheric effects are manifested in the dual frequency TEC 
measurements (Fig-3.19a & b) using the ground as well as LEO satellite borne 
GPS receivers and the TOPEX altimeter. The composite of all these 
observations during 0409 UT and 04:56 UT from a number of locations reveals 
the TEC distribution with magnetic latitude and local time (Fig. 3.19a). During the 
mid day sector (10-15 LT) high values of verticalised TEC are observed  around 
the  magnetic equator while low values are  seen around 19 LT, (see the CHAMP 
satellite pass).This is the typical quiet time situation. 
The effect of the ionospheric storm is seen in Fig.-3.19b, which shows the 
measurements on 6 November around the same UT period but about 2 hrs after 
the arrival of the IP shock at 1 AU. The daytime region of high TEC has 
expanded to higher latitudes of ~ 30° N & S. In general the TEC has increased 
indicating a positive ionospheric storm.  
The ionospheric F-layer heights at low latitudes are affected by the electric 
fields conveyed from the magnetosphere through the auroral region. Fig-3.20 
shows the variations of h’F (height of the bottom of the F-layer) measured at 
Ahmedabad. Normally at night time the height decreases till the F-region sunrise 
due to the chemical recombination, but on 6–7 November (during the main phase 
of the storm) we find an opposite trend of increasing height between 0–3 hrs (75° 
EMT). This can be attributed to the effect of the electric fields which caused the 
TEC redistribution shown in Fig-3.19. 
 
 
 
 
  
 
 
  
 
 
  
 
 
       
 
  
 
 
 
  
3.4.4 Summary 
High solar activity on 4 November 2001 caused strong proton event, which 
began at 17:10 UT .This intense proton event (Proton Flux>31000 Mev) lasted till 
the early hours of 6 November. The Halo CME disturbed the interplanetary 
medium significantly, characterized by enhancement in g-values for different 
radio sources as observed by ORT. On November 6, IP shock was observed and 
it caused the doubled increment in solar wind speed.  Several ionospheric 
parameters were also affected, particularly increased TEC showed positive 
ionospheric storm. Ahmedabad’s ionosonde data observed increased F-region 
height, correlated with this halo CME event.   
3.5 The Event of March 29, 2001 
3.5.1 Solar Observations 
Like previous events the solar observations associated with 29th March, 2001 
event are described in detail in this section.  
a) CME Observations: CME started to appear in C2 at 10:26 UT on 29 March 
2001 which developed into a full halo CME by 12:25 UT (Fig-3.21a-f). GOES 
observations (Fig-3.22) show an X-class flare at 10:26 UT. The initial velocity 
(VCME) is found to be 943.7 km/s from the height-time plot (Fig-3.23). 
b) Soft X-ray observations: The Soft X-ray data of 29 March, 2001 SXT/Yohkoh 
was not available on Internet. However, the soft X-ray image of 28 March (Fig-
3.24) was showing enough complex structures all over the visible disk to make 
us believe a possible eruption. An active region AR9393 is seen in the Northwest 
quadrant near the region N24W12 as shown in Fig-3.24 by a circle. It had 
erupted and given out strong X- class flare on 29 March 2001. On 2 April 2001, 
the same region of strong magnetic fields erupted again and gave out an X20 
flare at 21:51 UT.  
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c)  Radio observations: Radio Heliograph image taken by Nobeyama (Japan) is 
shown in the Fig-3.25. It shows the solar activity at radio wavelength on March 
29, 2001. In this image red colour indicates background emission of Sun at 17 
GHz, while bright white colour regions show the intense radio flux. Very intense 
and bright active region is clearly seen at 03:00 UT in the northwest quadrant 
region. Probably CME erupted from this active region at 09:25 UT. 
The source of type II burst associated with the CME observed by Nancay 
Radioheliograph, are presented in the Fig-3.25. A stationary but radiallly moving 
source is clearly visible in northeast quadrant. Compared to first image slightly 
more intense and broad region is visible in the second image at 10:49 UT. After 
the gap of 40 minutes WIND/WAVES observed type II radio burst at 11:30 UT. 
Therefore we can assume that this is the source region of type II burst. Because 
of slow–drift characteristics of type II radio burst, as the time passes the intensity 
and the area of this active region is also decreased as shown in the third and 
fourth image respectively. The spatial and temporal occurrence of source of type 
II at 10:49 UT closely matches with the leading edge of CME which appeared at 
10:26 UT.  
d) H-alpha observations: Fig-3.27 shows H-alpha scan of Sun on 29 March 
2001. This spectro-heliograph image was provided by Observatorie de Paris, 
France. There is a big filament seen (indicated by arrow) near the site from 
where the CME and flare occurred. There are many other filaments and bright 
spots appearing on the solar disk.  
3.5.2 Interplanetary Observations 
ORT observations show significant enhancement in g-value. Radio source 0626-
211 showed high g-value of 6.736 on 31 March whereas for sources 2314+038 
and 0622+147, g-values increased substantially to 3.458 and 4.158 respectively 
on the same day (Fig-3.28). The interplanetary parameters near 1 AU obtained 
from the ACE satellite are describe in Fig-3.29 which shows the presence of 
three shocks, and the peak velocity was higher than 800 km/s.  
 
 
  
 
 
 
 
 
 
 
 
 
  
 
 
  
The Interplanetary magnetic field indicates large field rotations, typical of 
magnetic clouds or coronal mass ejections (CMEs). These structures were 
originated in the Sun a few days earlier (28 and 29 March), near the giant 
sunspot 9393. The Interplanetary magnetic field magnitude (B) reached values 
over 70 nT. The plasma beta parameter during the structure passage was very 
low, clearly indicating the occurrence of the CME.  
3.5.3 Geomagnetic and Ionospheric Effects 
After the first CME passage, a second one struck the Earth at ~22:00 UT on 31 
March. The geomagnetic storm had a double-peaked main phase. The peak Dst 
for this event reached -387 nT, and the AE index peak was 2508 nT (preliminary 
values). It is interesting to remark that a few days earlier the Earth crossed the 
heliospheric plasma sheet and went through a high speed stream, which caused 
a moderate storm (27 and 28 March) and the magnetosphere was just recovering 
from this storm when it was hit by the CME. The ionospheric effects of this storm 
were described by Sahai et al (2007) as unusual fast uplifting of F layer at ~06:00 
UT of 31 March 2001 possibly associated with prompt penetration of electric field 
from high latitudes. This in turn had led to unusual formation of the equatorial 
ionization anomaly peaking around 07:30 LT. They also found wave-like 
disturbances possibly associated with traveling atmospheric disturbances 
produced by additional energy injected at high latitudes during substorms. They 
also reported negative ionospheric storm phase possibly due to decreased O/N2 
ratio.  
3.5.4 Summary 
Very high geomagnetic activities were reported during the period 28 Mar– 31 Mar 
2001 due to the halo CME erupted from the region 9393. Because of this CME,  
AE index suddenly shoots up to 2508, while Kp index shoots up to 9 on March 31 
and hence in turn produced super storm (Dst -387 nT).  Ooty Radio Telescope 
detected the 29 March 2001 CME during its passage through IPM. This halo 
CME traveled 1 AU distance in 45 hours, hence with an average speed of 923 
km/s. This is lower than the LASCO derived speed of 942 km/s.  
 
  
 
 
  
3.6 The Event of 10 February 2000 
Sequences of Halo and high speeds CMEs (speed > 700 Km/s) were reported by 
LASCO / SOHO during the period 28 January to 12 February 2000. This activity 
was mainly from two active regions 10501 and 10503.  
3.6.1 Solar Observations 
Various solar observations for this halo CME event are described as follows. 
a) CME Observations: Full halo CME observed by LASCO and EIT on 10 
February 2000 at 02:30 UT with an initial speed of 944 km/s. A wide faint loop 
front was seen in C2 at 02:30 UT in NW quadrant and at 03:00UT this front had 
faint extensions up to the N pole. At 04:30 UT a second, much brighter front 
appeared spanning 40 degrees from the N pole to NW and with fainter 
extensions to the N pole. These developed into a full halo CME by 04:54 UT. 
(Fig-3.30a-f). GOES observations of this halo CME are shown in the Fig-3.31, 
which showed, a C class flare at 02:06 UT.  
b) Soft X-ray Observations: Yohkoh / SXT image of Sun on 10 February 2000 
is shown in the Fig-3.33. This image shows complex structures all over the 
visible disk.  An active region is seen in the Northwest quadrant near the 
N24W18 and N26W23. These regions had erupted and given out C- class and 
M-class flare on 11 and 12 February respectively.  
c) Radio Observations: Radio Heliograph image of the Sun on 10 February, 
2000 is displayed in the Fig-3.33. As mentioned previously red colour indicates 
background emission of Sun at 17 GHz, while bright spots shows the high 
intensity region.  
As explained for the earlier events about the source of type II burst 
associated with the CME observed by Nancay Radioheliograph, are presented in 
the Fig-3.34.  The source of type II burst at 164 MHz and its temporal evolution is 
evident in this figure. Type II radio burst observed by WIND/WAVES satellite on 
March 29, 2001 at 10:12 UT. Hence, extremely intense region on the northwest 
quadrant of the Sun at 09:19 UT  (First image of Fig-3.34) is  possibly the  source  
 
  
 
 
 
  
 
 
 
  
 
 
  
of this radio burst. As type II radio burst drifts, this region is also diminish in the 
subsequent images.    
The Hirasio Radio Spectrograph (HiRAS), operated by the Communication 
Research Laboratory in Japan (Kondo et al., 1995), observed a significant 
activity at meter wavelengths in association with the above halo CME event. As 
shown in the Fig-3.36, HiRAS observed a extremely intense type III bursts 
started  at about 01:45 UT on 10 February 2000, it is followed by an intense type 
II radio burst in the frequency range of 900-150 MHz, which lasted for five 
minutes and stopped at 02:00 UT as shown in the figure.   
d) H-alpha Observation: As mentioned earlier H-alpha image gives the 
information of Sun’s Chromospheres. Using this image it is possible to see the 
eruption, which takes place on the solar disk. Fig-3.37 shows the H-alpha image 
of the Sun, observed by Observatorie de Paris, France on February 10, 2000. 
3.6.2 Interplanetary Observations 
For this event Radio telescope at Rajkot and Ooty observed enhancement in 
scintillation index and in g-value respectively. Five different radio sources 
showed considerably increased g values in ORT while two radio sources showed 
similar features at Rajkot radio telescope on 14 February 2000. 
Fig-3.38 shows interplanetary parameters near 1 AU. Alongwith the arrival 
of the IP shock with solar wind velocity increase from ~400 km/s to ~600 km/s, a 
corresponding decrease in IMF Bz and increase in ram pressure and density are 
also observed. For radio source 1759+138 and 2018+295 g-values increased 
significantly to 3.552 and 3.124 respectively (Fig-3.39). Fig-3.40 is Rajkot IPS 
observations of radio sources 3C368 and 3C459. Scintillation Index for both 
these sources increased four times to reach up to 0.8. 
 
 
 
                    
 
  
 
 
 
  
 
 
  
3.6.3 Geomagnetic and Ionospheric Effects 
A moderate magnetic storm was produced as a consequence of the 10 February 
2000 CME event. Dst value reached to a minimum about – 135 nT which is seen 
in Fig-3.38 (second panel from top).  
Ionospheric effects in terms of variation of height of bottom of F layer 
(h’F), observed from Ahmedabad are shown in Fig-3.41. Normally at night time 
the height decreases till the F-region sunrise due to the chemical recombination, 
however during 12–14 February (during the main phase of the storm) increased 
height between 0–3 hrs (75° EMT) have been observed, which again is a 
manifestation of storm time electric field penetrating to low latitudes. 
3.6.4 Summary 
Compared to previous strong storm events moderate storm was produced by this 
CME (Dst -135nT). ORT as well as IPS array at Rajkot detected this CME during 
its journey from Sun to interplanetary medium. CME associated ionospheric 
effects like upliftment of F region were observed at Ahmedabad station. The 
southward turning of interplanetary magnetic field below -20 nT and high 
velocities of around 530 km/s (shock) at around 01:00 UT at 1AU made it 
possible for the IPD to positively interact with magnetosphere. As a result, a 
geomagnetic storm with SSC at 01:01 UT on 11 February 2000 was occurred.  
 3.7 Description of Statistical Results  
The above case studies show that the geomagnetic storms are of varying degree 
of intensity which may depend on various CME parameters. In order to 
investigate the effect of the CME parameters on the strength of the storm, in a 
statistical sense, we have selected 30 high speed (speed >700 km/s) and large 
CMEs (angular width > 1500) during the period 1998 to 2002 (Table-3.1) 
(Manoharan et al 2004). We have used the Dst  index to represent the strength of 
the associated geomagnetic storm and study its correlation with different 
interplanetary parameters.  
 
 
  
 
 
 
 
  
 
 
 
 
 
 
 
 
  
White-Light CME IP SHOCK 
No Date 
TIME 
h:m 
VCME 
km/s TYPE LOC DATE 
TIME 
h:m 
VSH 
km/s 
TT 
hrs 
1 29/04/98 16:58 1374 Halo S18E20b 01/05/98 21:20 615 52.4 
2 02/05/98 14:06 938 Halo S15W15 04/05/98 2:00 913 35.9 
3 05/11/98 20:44 1118 Halo N22W18 08/11/98 4:42 721 56 
4 18/01/00 17:54 739 Halo S19E11b 22/01/00 0:23 380 78.5 
5 08/02/00 9:30 1079 Halo N25E26 11/02/00 2:33 525 65 
6 10/02/00 2:30 944 Halo N30E04 11/02/00 23:28 674 45 
7 12/02/00 4:31 1107 Halo N26W23b 14/02/00 7:18 684 50.8 
8 06/06/00 15:54 1119 Halo N20E15b 08/06/00 9:04 863 41.2 
9 11/07/00 13:27 1078 Halo N17E27 14/07/00 15:39 833 74.2 
10 09/08/00 16:30 702 Halo N11W11 11/08/00 18:51 640 50.4 
11 12/09/00 11:54 1550 Halo S12W18b 15/09/00 4:28 397 64.6 
12 16/09/00 5:18 1215 Halo N14W07 17/09/00 17:00 900 35.7 
13 09/10/00 23:50 798 Halo N01W14b 12/10/00 22:36 590 70.8 
14 24/11/00 5:30 994 Halo N20W05b 26/11/00 5:30 497 48 
15 24/11/00 15:30 1245 Halo N22W07b 26/11/00 11:40 664 44.2 
16 29/03/01 10:26 942 Halo N14W12b 31/03/00 1:14 617 38.8 
17 09/04/01 15:54 1192 Halo S21W04 11/04/01 14:12 739 46.3 
18 10/04/01 5:30 2411 Halo S22W09b 11/04/01 16:19 811 34.8 
19 11/04/01 13:31 1103 Halo S22W27b 13/04/01 7:25 853 41.9 
20 26/04/01 12:30 1006 Halo N17W00 28/04/01 5:02 820 40.5 
21 09/10/01 1130 973 Halo S28E08 11/10/01 16:50 588 53.3 
22 19/10/01 11:30 901 Halo N15W29 21/10/01 16:40 665 47.8 
23 22/10/01 15:06 1336 Halo S21E18 25/10/01 9:00 480 65.9 
24 25/10/01 15:26 1092 Halo S16W21 28/10/01 3:30 433 59.7 
25 04/11/01 16:35 1810 Halo N06W18 06/11/01 1:45 742 33.2 
26 15/04/02 3:50 720 Halo S15W01 17/04/02 11:01 503 55.2 
27 07/05/02 4:06 720 Halo S10E27 10/05/02 11:10 434 79.1 
28 18/07/02 8:06 1111 Halo N19W30 19/07/02 14:40 570 30.6 
29 16/08/02 12:30 1459 Halo S14E20 18/08/02 18:40 688 54.6 
30 05/09/02 16:54 1657 Halo N04W28 07/09/02 16:20 1620 47.4 
 
Table-3.1: The list of 30 high speed and large CMEs during the period 1998 to 
2002 and associated interplanetary observations. 
 
 
 
 
 
  
Fig-3.42a shows the correlation of Dst with the initial speed of the CME. 
The correlation is poor with a coefficient 0.29. Another possible interplanetary 
parameter controlling the strength of the storm is the southward component of 
the interplanetary magnetic field. Fig-3.42b shows their correlation to be quite 
high with a correlation coefficient 0.80. The product of Vx and IMF Bz gives the 
magnetospheric electric field component Ey. The correlation coefficient between 
Dst and Ey is found to be 0.80 from fig 3.42c. The proton density in the enhanced 
solar wind associated with CME is found to have a higher correlation coefficient 
of 0.82 with Dst. (Fig-3.42d).  
In order to understand the propagation of CMEs through the interplanetary 
medium their travel time is studied as a function of the initial speed of the CME. 
The travel time is measured as the time between the appearance of the CME on 
the coronagraph and time of onset of the geomagnetic storm. Figure 3.43 shows 
the variation of travel time T with initial speed V. An equation of the form T=81.4 
– 0.024 V can be fitted to the observed data. 
3.8 Discussion and Conclusion  
The present study using various observations starting from the Sun through the 
interplanetary medium to the Earth’s ionosphere and surface magnetic field 
employing various techniques will help to bring out a consistent picture of the 
propagation of the solar disturbance (CME) up to earth and its effects on different 
components of the Sun-Earth environment The most obvious effect is the 
geomagnetic storm, sometimes called the space weather signature. 
 Largest geomagnetic storm of current solar cycle (Dst(min) of -472 nT) 
occurred on 20 November, 2003 due to the CME eruption on 18 November near 
Sun’s Centre. This CME evolved into a magnetic cloud, which was highly tilted so 
that the axial magnetic field had strong southward component which reconnected 
with Earth’s magnetic field and produced the storm (Gopalswamy et al 2005). 
This halo CME arrived at 1 AU in ~48 hours and hence with an average speed of 
832 km/s. This speed is less by a factor of 2 the than initial speed (1660 km/s) 
derived from height-time plot using LASCO observations. These  results  suggest  
 
  
 
 
  
that CME went through a severe deceleration before its arrival at 1 AU. IP shock 
was generated at 07:28 UT on 20 November 2003. Enhancements in g-values 
for several radio sources were detected by ORT as a consequence of this CME 
passage through IPM.  
During the storm time Manucci et al, (2005) observed drastic decrease in 
the ionospheric delay by 20-25 meters within a short duration of 4 minutes in 
some longitude sectors, while in other longitude sectors they found increment in 
ionospheric delay by about 10 meters.  
It is pertinent to note that the X- 28 class flare on 4 November 2003 was 
not at all geoeffective as it was erupted from the western limb of the Sun, hence 
directed away from the earth into interstellar space. 
To mention the other space weather effects during October-November 
2003, CME events, 11 major satellite operations were disrupted including MARS 
Express spacecraft. Barrage of solar protons forced the crew of the International 
Space Station to take shelter in an internal module. HF radio blackouts were 
experienced in northern Canada as a result of the major solar proton event on 28 
October 2003.  
On November 4, 2001, a halo CME seen by the coronagraph at 16:20 UT 
was associated with X1/3B flare (N06W18) in AR9684. It was followed by a 
strong Solar Energetic Proton (SEP) event. Extremely intense broadband type II 
radio burst associated with this event was observed by WAVES instrument on 
board WIND spacecraft in the frequency range from about 7 to 14 MHz.  Ooty 
Radio Telescope detected this CME and one day later it showed enhancement in 
g-values for radio sources 1802+110 and 1756+134. IP shock arrived at 1 AU at 
02:00 UT on 6 November; as indicated by solar wind speed increase from 375 
km/s to 700 km/s. CME associated ionospheric effects like variation in TEC and 
increased F-region height were also seen. Compared to previous event this CME 
reached speedily at 1 AU (~32 hours) with average speed of 764 km/s. Hence 
this CME is decelerated.  
 
 
  
The storm of 6 November 2001 with Dst ~ -300 nT was weaker than the 
previously described event may be due to the fact that the periods of high solar 
wind density (~ 40 particles/cc) was not coincident with the high values (> 750 
km/s) of solar wind velocity. Hence, even though Bz was – 60 nT, the solar wind 
magnetosphere coupling was rather weak.  
 On 29 March, 2001 a large solar region at 09:20 UT in the north-west 
quadrant of the solar disk produced the X1 flare event. This was associated with 
full halo coronal mass ejection, observed by LASCO on 29 March, 2001. It is 
followed by a proton event, which began at 16:35 UT on the same day. There 
were 3 shocks impacting the Earth during the interval March 30 (14:00UT) to 
March 31 (23:00UT). High geomagnetic activities were reported during this 
period, AE index suddenly shoots upto 2508, while Kp index shoots upto 9 on 
March 31 and hence in turn produced super storm (Dst -387 nT). Ooty Radio 
Telescope detected the 29 March 2001 CME during its passage through IPM. 
This halo CME travelled 1 AU distance in 48 hours, hence with an average speed 
of 865 km/s. This is slightly lower than the LASCO derived speed of 942 km/s. It 
indicates that this CME went through a modest deceleration before its arrival at 1 
AU.  In contrast to Nov-2001 event, negative ionospheric storm has been 
observed which may be due to decreased O/N2 ratio.  
Yohkoh / SXT image of Sun shows complex structures on 10 February 
2000. An active region is seen in the Northwest quadrant near the N24W18 and 
N26W23. This region had erupted and given out C- class and M-class flare on 
one and two day later. Enhancement in g-values at ORT and enhancement in 
scintillation index at IPS array, Rajkot clearly show the effect of the passage of 
the CME plasma cloud or interplanetary shock through the IPM. CME associated 
ionospheric effects like changed in the height of bottom of F region (h’F) were 
observed at Ahmedabad a low latitude Indian station. Compared to previous 
events a moderate storm (Dst(min) -135nT) was developed with SSC at 01:01 UT 
and Dst reached it minimum value of -135 nT at 12:00 UT on 12 February 2000. 
This gave a travel time of ~67 hours. Therefore we can say that this CME 
 
  
travelled with average speed of 620 km/s. So like previous events deceleration of 
CME is also found in this event.  
Thus comprehensive observations of the above mentioned four events 
provide a synthetic vision of the sequence of the solar transients and their 
interplanetary and terrestrial effects.   
St Cyr et al (2000) performed a detailed study of CMEs observed by 
LASCO from January 1996 to April 1998, and identified 92 halo or partial halo 
CMEs out of a total of 841. Based on EIT observation 40 of them were identified 
as originating on the front side of the disc as viewed by SOHO’s vantage point at 
L1. There were 20 severe geomagnetic storms during the same period, 14 (70%) 
of which were preceded by front-side halo CMEs. These results indicate that 
factors other than the occurrence of a CME directed towards Earth are important 
in determining the level of geomagnetic activity. For instance CIR can also be 
potential source of geomagnetic disturbances. The most important parameters 
determining the geoeffectiveness of a CME are the speed of the ejecta and 
strength and orientation of the magnetic field. Srivastava and Venkatkrishnan 
(2004) reported correlation studies of various CME parameters with storm index. 
They found that magnitude of geomagnetic storms depends on the ram pressure 
because a high ram pressure leads to the compression of the magnetic cloud 
and intensifies the southward component of Bz. However, our correlation studies 
based on 30 geomagnetic storm events indicate that the correlation of Dst with 
the solar wind speed and density are 0.29 and 0.82 respectively. The ram 
pressure being a derivative of speed and density, its correlation was found to be 
~0.58 as expected but is less than the value of 0.64 reported by Srivastava and 
Venkatkrishnan (2004). Thus the interaction between the CME / solar wind and 
magnetosphere is very complex and varies from event to event. A large number 
of cases are needed to be studied before any meaningful statistical association, 
especially for the purpose of space weather prediction, can be drawn. 
 
 
  
From a statistical study of several CME events the relation between travel 
time (T) and initial speed (V) of CME was investigated by Zhang et al. (2003) 
who obtained an equation T=96–V / 21. Srivastava and Venkatkrishnan (2004) 
obtained similar equation T = 86.9 – 0.026 V. Our analysis also gives similar 
equation T=81.4 – 0.024 V, which is comparable to the above results. Such study 
will help in predicting the arrival time of a CME if its initial velocity is obtained 
from coronagraph data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
CHAPTER-4 
RESULTS OF IPS STUDIES USING RAJKOT &  
OOTY RADIO TELESCOPE 
 
4.1 Introduction 
Interplanetary scintillation (IPS) of natural radio sources serve as effective tool for 
the remote sensing of solar wind plasma. Since IPS observations using radio 
sources allow us to probe multiple points of the solar wind in a short time, they 
are particularly useful for studying the global properties of transient heliospheric 
phenomena such as coronal mass ejections (CMEs) or interplanetary (IP) shock 
waves. IPS has also been used effectively to determine the latitudinal variation of 
the solar wind velocity at various phases of the solar cycle (Coles, W. A. et al., 
1980).  
The frequencies used by IPS radio-telescopes generally range from about 
80 to 330 MHz. Lower frequencies are subjected to more scintillation, and are 
thus able to better detect smaller plasma density fluctuations over larger range of 
solar elongation angles. Higher frequencies can probe closer towards the Sun, 
and are thus theoretically able to provide greater warning time. The radio 
frequency dependence for IPS has been investigated by numerous workers in an 
attempt to describe small interplanetary irregularities. (Rickett, 1973).  
Jadav (2002) made an attempt to make simultaneously IPS observations 
at 103 MHz and 327 MHz using radio telescopes at Rajkot and Ooty respectively 
(Details of both the telescopes are described in ch-2). He simultaneously 
observed radio sources 3C368 & 3C409 at both the places and found that 
scintillation index observed at Rajkot is much higher than that of Ooty, as 
expected from the frequency dependence law. 
The steerability of the ORT provides opportunities to observe the transit of 
CME disturbances at different distances over a period of about 10 hr. Another 
advantage of Ooty telescope is that it gives us helio-latitudinal variation of the 
solar wind velocity. Thus some of the shortcoming of the Rajkot telescope can be 
 
  
compensated by observations with ORT. In this chapter results obtained from 
IPS Rajkot and Ooty are analyzed and discussed. 
4.2 Distribution of Scintillation Index and g-values 
IPS observations of various radio sources for the years 1998 to 2001 observed at 
Rajkot and Ooty radio telescope are presented in the form of histograms in Fig-
4.1 and Fig-4.2 respectively. These histograms gives the information about how 
the values of scintillation index (m) and normalized scintillation index (g) varies 
with solar activity. 
For Rajkot IPS observations median value scintillation index observed at 
Rajkot for the years 1998 to 2001 are found to be 0.188, 0.198, 0.233, and 0.249 
respectively, while for the Ooty observations median value of g for the year 1998 
to 2001 is found to be 1.089, 1.0925, 1.122 and 1.206 respectively, Therefore 
median value of S.I. and g increased as they approach to the solar maximum 
year. This result clearly indicates that the scintillations are becoming stronger 
with solar activity.   
The normalized scintillation index, g, correlates strongly with the solar 
wind density (N) with a relationship g = (N/9)1/2 (Tappin 1986; Rickett and Coles, 
1991; Manoharan 1993), and it can be used to assess the density turbulence 
condition of the solar wind. Value of g>1 corresponds to the enhanced level of 
plasma density turbulence, whereas g<1 indicates the reduction of density in the 
solar wind. From the histograms based on ORT observations (Fig-4.2), we found 
that percentage of events with g>1 is 58, 60, 60 and 67% respectively for the 
years 1998 to 2001. Hence the percentage of occurrence of g>1 increased with 
solar activity, indicating more interplanetary disturbances as the Sun becomes 
more active.  
 4.3 Variation of Scintillation Index with Elongation Angle 
The Scintillation Index (S.I.), which represents the degree of scattering, is the 
quantity readily available from IPS observations. As mentioned in chapter-2, 
scintillation  index  is the  ratio  of the rms of  intensity  fluctuation  to the  average 
 
  
 
 
  
 
 
 
 
  
 
 
  
 
 
  
intensity of the source. The degree of scintillation is characterized by the 
scintillation index, 
 
 The S.I. for a source varies with elongation and source size. If z is the 
heliocentric distance of the point of closest approach of the line of sight then, the 
index is found to be varying with solar elongation (Sun- Earth source angle) ε as: 
  SI (ε) ∞ z-α 
where z = 1AU x Sinε and α = 1.6 to 1.8 (Rao et al. 1974, Manoharan 1993). 
 The maximum scintillation index is observed at the boundary of weak and 
strong scattering. The scintillation index is also maximum for a compact radio 
source and decreases with increasing source size). The scattering strength, 
which is high at the near-Sun region, decreases with distances from the Sun. For 
example, in the case of Rajkot IPS measurements at 103 MHz, the ‘strong –to-
weak’ transition occurs at a distances of ~109 Rs (ε=300 ) while in case of  Ooty 
IPS measurements at 327 MHz, ‘strong –to-weak’ transition occurs at a 
distances of ~40 Rs (ε=110 ) 
 Fig-4.3a shows the plot of scintillation index(m) observed over the years 
1997-2003 as a function of solar elongation for the radio source 3C2, by Rajkot 
Radio Telescope, while Fig-4.3b shows the plot of scintillation index(m) observed 
over the years 1993-2005 as a function of Heliocentric distance for the radio 
source 3C2, by Ooty Radio Telescope. These graphs indicates the scintillation 
index increases with decreasing solar elongation until it saturates when the 
scattering becomes strong, after which it decreases to zero. These graphs also 
showed that strong to weak transition take place nearer to 400 (~109 Rs) and 
150(~ 40 Rs) for Rajkot and Ooty respectively. Similar results for the radio source 
3C48 and 3C459 are shown in the Fig-4.4 and Fig-4.5 respectively.  
 
 
 
  
4.4 Enhanced Scintillation Index Observed by IPS-Rajkot 
The Rajkot Radio Telescope observes 6 to 8 radio sources every day and finds 
the scintillation index. This scintillation index represents the excess plasma 
turbulence in a given direction along the line of sight to the source over the mean 
value. When CME or CIR material crosses the line of sight to the radio source it 
will show up as larger value of scintillation index compared to previous days.  
Table-4.1, 4.2 and 4.3 shows the enhancement in scintillation index 
observed during reported CME events for the years 2000 to 2003 by IPS array- 
Rajkot. In these tables column numbers 2-4 indicates white-light CME date, time 
(hh:mm), speed (km/s) and type (Halo or Partial Halo) obtained from SOHO – 
LASCO CME catalog; while column numbers 5-13 describes different CMEs 
parameters obtained from IPS Rajkot. Travel time (column-13), (TT) is the time 
difference between CME onset time and transit-time of particular radio source. 
Average speed of CME is obtained from the ratio of distance travel by CME (1 
AU) to the travel time. For e.g. for typical case of February 3, 2000 CME, it took 
around 70.5 hrs to produce geomagnetic storm as deduced from its onset time 
(in LASCO) and the observation of sudden storm commencement (SSC). Hence 
it travelled 1 AU distance (1 AU = 1.496 x 108 km) with an average speed of 589 
km/s. Other columns of the tables are self explanatory.   
  During the years 200-2003, IPS – Rajkot recorded 25 events, which 
produced enhancements in scintillation index associated with CME. Out of these 
2 were associated with severe geomagnetic storms (Dstmin between -200 nT to -
350 nT); 2 were associated with strong storms (Dstmin between -100 nT to -200 
nT); 7 were associated with moderate storms (Dstmin between -50 nT to -100 nT) 
and 10 were associated with weak storms (Dstmin between -30 nT to -50 nT). 
Other  
 
 
 
 
  
 
   
 
 
  
 
 
 
 
  
 
 
 
 
  
 
 
 
  
 
 
 
  
It is broadly known that the CME having initial speed less than the ambient 
solar wind speed is accelerated by the surrounding solar wind and on the 
contrary, the high-speed CME is decelerated (e.g., Lindsay et al 1999; 
Gopalswamy et al., 2000b; Manoharan et al., 2004). In the present study we 
found that out of 25 events 15 show that the average speed of CME is less than 
the initial speed of the CME. Other 7 events (refer to Table 4.1, Sr. no 2, 5, 8 and 
9; Table-4.2, Sr. no 1; Table- 4.3 Sr.no-1 and 3) show the opposite trend. 
However the speeds of three events (Table-4.1, Sr. no 5, 8, 9) were lower than 
the ambient solar wind speed, they naturally would have been carried and 
accelerated by solar wind flow. While for one event (Table-4.1 Sr. no-14) the 
initial and average speed of the CME is found to be exactly equal. Hence the 
above results indicate that the most of the CMEs went through a moderated to 
severe deceleration before the arrival at 1 AU. These results are in good 
agreement with earlier findings. However, few cases of acceleration (Table 4.1, 
Sr. no 2; Table-4.2, Sr. no 1; Table-4.3, Sr. no 1 and 3) may be due to CME-CME 
interaction and background solar wind. The above results pertain to the 
propagation aspects of CME through IPM. 
4.5 Interplanetary Scintillation Images (g-maps) 
The Ooty Radio Telescope (ORT) observes several radio sources every day and 
it is possible to generate images by systematic monitoring of scintillations, over 
the sky by sampling a grid of radio sources on a day to day basis, which can 
provide a map of transient plasma. These maps are known as g-maps, which 
represent the excess plasma turbulence in a given direction along the line of 
sight to the source over the mean value. 
 Fig-4.6 shows g-maps of 15 and 16 July, 2000 obtained from the Ooty 
Radio Telescope. In these images, the north is at the top and east is to the left. 
The concentric circles are of radii, 50, 100, 150, 200 Rs. The red color code 
indicates the background (ambient) solar wind. Observing time in these images 
increases from right (west of the Sun) to left (east of the Sun). For the Earth-
directed  halo  CME on 14 July  2000  (represented by blue colour on the image),  
 
  
 
 
  
east- west symmetry is expected on the scintillation images. But, the east-west 
positional shift with respect to the Sun, seen in the large enhanced scintillation 
region in the top-left image, is due to the time differences between the west and 
east measurements (i.e., the CME is expanding with time).   
On 15 and 16 July IPS images, one may also notice the onset and propagation of 
another partial halo CME as represented by blue colour in the image moving to 
the east, respectively, at ~75 Rs and ~150 Rs.  
  Fast moving CME in interplanetary medium on April 2, 2001 are presented 
in the scintillation images (Fig-4.6b). CME onset is clearly seen in the IPS field of 
view at ~50 Rs along the south-west direction in the first image. Within 32 hours, 
the CME propagates from ~80 Rs (second image of Fig-4.6b) to ~200 Rs (lat 
image of Fig-4.6b) along the south-west direction.  
4.6 Conclusion 
IPS is used extensively to track and study interplanetary disturbances, that are 
responsible for causing space weather effects. If large numbers of radio sources 
are observed each day then the lines-of-sight to the sources will cover large part 
of IPM and one can therefore obtain solar wind velocity and good idea of density 
variance in the IPM caused by the solar ejecta.  
 Histograms of Rajkot and Ooty IPS observations provide distributions of 
the scintillation index (m) and normalized scintillation index (g) respectively. 
Increased values of median m and g indicate that scintillation is directly 
correlated with solar activity. One more important result derived from histograms 
is that as we approach to solar maximum year, the percentage of occurrences of 
g>1 is also increased. These characteristics show that interplanetary 
disturbances get stronger and more frequent as the Sun becomes more active.  
 Our finding confirms the earlier results (Lindsay et al 1999; Gopalswamy 
et al., 2000b; Manoharan et al., 2004) that most of the CMEs having initial speed 
greater than ambient solar wind are decelerated.  
 
 
  
CHAPTER- 5  
SPACE WEATHER EFFECTS ON TECHNOLOGICAL 
SYSTEMS & HUMANS  
 
5.1 Space Weather Effects 
The response of the space environment around the Earth to the constantly 
changing Sun is known as ‘Space Weather’. It refers to the variable conditions of 
the interplanetary, geospace and planetary environments relevant to human 
activities. The effects of space weather on technological systems and humans in 
space and on the ground are analyzed and presented in this chapter. It adversely 
affects satellites, power grids, communication system, and many other 
technological systems. Apart from these, astronauts in space and airline 
passengers in high-flying transpolar routes can also be adversely affected by 
solar storms and geospace disturbances. 
Fig-5.1 is a diagram that nicely summarizes many of the kinds of events 
that can potentially arise during adverse space weather events. Solar flares and 
solar energetic particles can damage solar cells and greatly shorten satellites 
lifetime (Webb & Allen, 2004). The heating of the upper atmosphere that occurs 
due to solar flares can dramatically increase atmospheric drag on low-altitude 
satellites. Ionospheric disturbances can cause radio signal scintillation and 
ultimately it cause virtual blackouts in certain radio frequency ranges. These are 
very crucial for the presently used GPS based civilian aircraft navigation. As 
illustrated in the figure, some of the largest solar-induced storms can disrupt 
electric power grids.   
5.2 Effects on Satellites, Manned Space-Flight, and Launchers 
5.2.1 Space Environment and its Effects 
The natural space environment in the solar system has several components 
(Hargreaves, 1992). These components and their effects on spacecraft are 
presented in tabular form in Table 5.1. The effect essentially depends on the 
energy of the component (Bourrieau et al., 1996). For instance low energy 
 
  
components interact with the surfaces of the satellites (thermal coatings, solar 
cells, antennas). As the energy increases, particles (heavy dust, light meteoroids 
and debris) and photons can penetrate in the satellite body. The worst are 
meteoroids and heavy debris whose impact can seriously damage the satellite, 
launcher or human in space. 
5.2.2 Effects on Satellites 
Space weather affects satellite missions in a variety of ways, depending on the 
orbit and satellite function. Our society depends on satellites for weather 
information, communications, navigation, exploration, search and rescue, 
research, and national defense. In section-5.6, we discuss in detail a few 
satellites failures with respect to space weather aspects. 
5.2.2.1 Types of Satellite Anomalies  
Spacecraft anomalies are grouped into broad categories based upon the effect 
on the spacecraft. Lists of potential effects are as follows:  
• Surface charging: Surface charging of spacecraft in synchronous orbit can 
occur due to incidence of a large incoming flux of electrons in the absence of 
sufficient charge drainage by mechanisms such as photoemission. "Hot" 
electrons with energies in the range of several to several tens of keV are 
mainly responsible for surface charging. Intense fluxes of these electrons are 
closely related to substorm activities; hence surface charging occurs more 
often in the midnight to dawn sector. The differential charging of spacecraft 
surfaces can give rise to destructive arc discharges, causing satellite 
operational anomalies.  
• Deep Dielectric or Bulk Charging: This phenomenon is a problem primarily 
for high altitude spacecraft. At times, when Earth is immersed in a high-speed 
solar wind stream, the Van Allen belts become populated with high fluxes of 
relativistic (> ~1 MeV) electrons. These electrons easily penetrate spacecraft 
shielding and can build up charge where they come to rest in dielectrics such 
as  coaxial  cable, circuit  boards,  electrically  floating  radiation  shields,  etc.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Components of 
the space 
environment 
Effects System affected Other 
problems 
 
Neutrals Drag Oxidisation 
Contamination 
 
Orbit control 
Temperature control 
Shields 
Glow 
 
Photons  
 
Heating, Photo-emission 
Surface ageing 
Backgr. noise increase 
Positive voltage 
Temperature control 
Sensors 
 
Contamination 
 
Plasmas  
 
Surface ageing, Current 
closure 
Surface charging EM noise  
High-voltage systems 
Temperature control 
RF systems 
Contamination 
 
Particle radiation Ageing 
Atom displacements 
Internal charging ESDs 
Backgr. Noise increase 
SEEs 
DNA damage 
Cell destruction 
Temperature control 
Electronic 
Components Solar 
cells Star trackers 
Detector background 
Living organisms 
 
Genetics, 
Cancer 
Death 
 
Meteoroids Impact 
Induced neutral and 
plasma environment 
Partial destruction 
Attitude control 
Coating erosion 
ESDs 
Contamination 
 
Debris Impact 
Induced neutral and 
plasma environment 
Partial destruction 
Attitude control 
Coating erosion 
ESDs 
Contamination 
 
Magnetic field Local change Magnetic attitude 
control 
 
Table 5.1:  The components of the space environment and their effects on 
spacecraft. 
 
  
 
 
 
 
 
  
If the electron flux is high for extended periods, abrupt discharges (tiny 
lightening strokes) deep in the spacecraft can occur.  
 High fluxes of these electrons vary with the 11 year solar cycle and are 
most prevalent late in the cycle and at solar minimum. Occasionally, high-
energy electron events recur with a 27-day periodicity - the rotation periods of 
the Sun. Discharges appear to correlate well with long periods of high fluxes. 
At these times, charge buildup exceeds the natural charge leakage rate of the 
dielectric. The charge builds and discharge occurs after the breakdown 
voltage is reached. In the past, some energetic electron enhancements at 
GEO have approached two weeks in duration. It was at the end of one of 
these long duration enhancements in 1994 that two Canadian satellites 
experienced debilitating upsets.  
• Internal Charging: The occurrence of highly energetic electrons with 
energies greater than 2 Mev represents adverse space weather conditions 
hazardous for geosynchronous satellites. When this happens, there is a high 
probability of internal charging of satellite components by energetic electrons, 
with possible electric discharges that could result in malfunction or even 
complete failure of the satellite. Such an event was the likely cause of a 
number of satellite operational anomalies in January 1994. 
• Electrostatic Discharge: Electrostatic discharge results from spacecraft 
charging. Once the generated electric field due to charging exceeds a certain 
threshold, an arc discharge occurs, generating an electromagnetic transient 
that couples into spacecraft electronics and causes spacecraft operational 
anomalies. The Fig-5.3 shows the local time distribution of occurrence of 
discharges. 
• Single Event Upsets (SEUs): Single Event Upsets are random errors in 
semiconductor memory that occur at a much higher rate in space than on the 
ground. They are non-destructive, but can cause a loss of data if left 
uncorrected.  It is “penetration” events in which high energy charged particles 
(> ~50 MeV protons, alphas, or heavier ions) enter a chip and deposit charge 
 
  
that changes the contents of chip memory. There are two natural phenomena 
that cause this type of problem - Galactic Cosmic Rays (GCRs) and Solar 
Proton Events (SPEs).  
 Galactic cosmic rays are high energy particles. They flow into our 
solar system from far away consisting mainly of electrons, protons and fully 
ionizes atomic nuclei. These particles have speeds near the speed of light. 
Sometimes they have high Z number (nuclear mass) and high energies (GeV 
levels). Fortunately, the flux of GCRs is relatively low so the resulting SEU 
rate is also low. GCR fluxes are highest by approximately 25% during solar 
minimum. It is at this time that the Sun expels little solar material and 
magnetic fields to detect the incoming GCRs prior to arrival at Earth.  
 Solar Proton Events at Earth can occur throughout the solar cycle but 
are most frequent in solar maximum years. SPEs result from powerful solar 
flares with fast coronal mass ejections. During an SPE, satellites experience 
dramatically increased bombardment by high-energy particles, primarily 
protons. Fluxes of particles with energies > 10 MeV, can reach 70,000 
protons/cm2 /sec/str. High-energy particles reach Earth from 30 minutes to 
several hours following the initiating solar event. The particle energy spectrum 
and arrival time seen by satellites varies with the location and nature of the 
event on the solar disk.  
• Spacecraft Drag: Spacecraft in LEO experience periods of increased drag 
that causes them to slow, lose altitude and finally reenter the atmosphere. 
Short-term drag effects are generally felt by spacecraft <1,000 km altitude. 
Drag increase is well correlated with solar UV output and additional 
atmospheric heating that occurs during geomagnetic storms. Solar UV flux 
varies in concert with the 11-year solar cycle and to a lesser degree with the 
27-day solar rotation period.  
 Most drag models use radio flux at 10.7 cm wavelength as a proxy for 
solar UV flux.  Kp-index commonly used as a substitute for short-term 
atmospheric heating due to geomagnetic storms. In general, 10.7 cm flux 
 
  
>250 solar flux units and Kp>=6 result in detectably increased drag on LEO 
spacecraft. During the severe geomagnetic storm of 13-14 March 1989, 
tracking of thousands of space objects was lost and it took North American 
Defense Command many days to reacquire them in their new, lower, faster 
orbits. One LEO satellite lost over 30 kilometers of altitude, and hence 
significant lifetime, during this storm.  
• Total Dose Effects: Spacecraft ageing through continual bombardment by 
GCRs, trapped radiation, and SPEs. There are several models used to 
estimate the total dose expected in various orbits and at different stages of 
the solar cycle. These models provide total dose estimates that are helpful in 
estimating the lifetime of an operational satellite. The total dose a satellite 
receives from GCRs is relatively constant. Solar cycle variations in trapped 
radiation are also reasonably well modeled. SPEs are most prevalent during 
the solar maximum years but their time of occurrence and severity are very 
difficult to model.  
 Spacecraft components are manufactured to withstand high total 
doses of radiation. However, it is important for the satellite operator to know 
how much dose each spacecraft in his fleet has endured. This knowledge 
allows for reasoned replacement strategies in an industry with very long 
manufacturing lead times.  
• Solar Radio Frequency Interference and Scintillation: The Sun is a strong, 
highly variable, broad-band radio source. At times, the Sun is within a side-
lobe or even the main beam of a ground antenna looking at a satellite, usually 
pointed within about 1 degree of the Sun. If the Sun happens to produce a 
large radio burst during that time, the signal from the spacecraft can be 
overwhelmed. Large solar radio bursts occur most frequently during solar 
maximum years. An operator should be aware of when the Sun is in close 
proximity to the satellite being tracked.  
 Strong geomagnetic storms can cause scintillation in the auroral 
zones. Additionally, scintillation is problematic for signals traversing the 
 
  
equatorial ionosphere. In this area, large rising turbulent plumes form in the 
afternoon and evening ionosphere, resulting in rapidly varying, significant 
signal loss. Not only does this affect telemetry up/downlink but, GPS users 
can lose tracking of enough spacecraft so as to make location finding difficult. 
• Spacecraft Orientation Effects: Some spacecraft use Earth's magnetic field 
as an aid in orientation (attitude control) or as a force to work against dump 
momentum and slow down reaction wheels. During geomagnetic storms, 
dramatic unexpected changes in the magnetic field observed by the satellite 
can lead to mis-orientation of the spacecraft. Some effects have been 
reported at Kp values as low as Kp=4. Usually, problems are not experienced 
until Kp>=6 occurs.  
 GEO spacecrafts also experience a unique occurrence termed a 
Magnetopause Crossing. The sunward boundary of Earth's magnetic field 
(magnetopause) is usually located approximately 10 earth radii from Earth’s 
center. Variations in the pressure (due to changes in the velocity, density, and 
magnetic field) of the incoming solar wind change the location of that 
boundary. Under solar wind conditions of high velocity and density and 
strongly southward magnetic field, this boundary can be rammed to inside the 
altitude of GEO orbit at 6.6 earth radii. A GEO spacecraft on the sunward side 
of Earth can be outside the (compressed) magnetopause and in the 
(modified) solar wind magnetic field for minutes to hours. When the 
magnetopause is inside 6.6 radii, GEO spacecraft are within the 
magnetosheath between the bow shock and the magnetopause. Magnetic 
sensors on board become confused as the detected magnetic field drops 
from ~200 nT to near zero and its sign changes erratically. However, since 
magnetopause compression is time varying, and different spacecraft are at 
different longitudes, a GOES satellite may not observe a crossing 
experienced by others, and conversely.  
 
 
 
  
 
 
  
5.2.3 Effects on Launchers 
Launchers experience specific space weather effects which are due to neutrons 
resulting from the interaction between the atmosphere and solar energetic 
particles (producing SEEs), or to the drag related to the opening of the launcher 
protecting shroud. Otherwise, launchers as they move higher and higher are 
subject to nearly all other space weather effects (surface charging, global drag, 
SEEs by energetic particles from radiation belt as well as solar energetic 
particles and cosmic rays, internal charging). Nevertheless, normally these 
effects do not have enough time to perturb the launcher, except during solar 
energetic particle events or when crossing during a long period of time the 
radiation belts (near the South Atlantic Anomaly), which is the case for Ariane V 
launches to GTO or interplanetary orbits (Bourdarie and Bourrieau, 1999). 
5.2.4 Effects on Astronauts 
Astronauts are normally well protected by large shielding in space stations 
(around 5 mm). However, flashes in the astronauts' eyes have been seen inside 
the shuttle during Solar Energetic Particle Events (Allen and Wilkinson, 1993). 
During Extra Vehicular Activities (EVAs), nearly all effects similar to 
spacecraft are possible, the suit being similar to the satellite and the shielding 
being smaller (around 0.5 mm) (Lemaignen, 1988). In particular, astronauts must 
pay attention to meteoroids and debris, charging effects and energetic particles 
(protons from the radiation belts and ions from the cosmic rays or SEPs) on low-
altitude stations (like ISS). Precautions are normally taken, astronauts being 
normally in the wake of the vehicle to avoid impacts with debris. However, 
charging effects can appear especially when astronauts cross the boundary 
between sunlight and shadow. Particular attention must be paid to SEPs. When a 
SEP event is in progress, astronauts cannot leave the station and when a SEP 
event is beginning, they must come back inside the station, lethal risks being too 
high. For interplanetary missions, we must think to very large shielding like 
sarcophagi for astronauts during such events.  
 
 
  
5.2.5 Effects on Aircraft and Avionics  
The Earth’s atmosphere shields out most of the primary cosmic rays at 
conventional altitudes (10–12 km), there is a build up of secondary particles 
(neutrons, mesons and electrons) which reach a maximum at around 18 km and 
are only a factor of three diminished at 9 km. By sea level there is a further factor 
300 diminution. As a result of this mechanism the radiation hazard at aircraft 
altitudes is as severe as in certain low-earth orbits.  
At altitudes up to about 18 km, neutrons provide the dominant 
environment component for effects in current and near future electronics. These 
produce indirect ionizations by nuclear reactions in electronic material (Dyer et al, 
1998). Above this altitude penetrating ions and secondary fragments become 
increasingly important and these interact by direct ionization (Tsao et al, 1984). 
The problem is expected to increase as more low-power, small feature size 
electronics are deployed in advanced technology aircraft (Kerness and Taber, 
1997).  
5.2.6. Biological Effects 
The space-radiation adversely affects on aircrew and frequent flyers. Ionizing 
events in cells lead to free radicals and DNA split, which increases the risk of 
cancers (Reitz et al., 1993; Kelly et al., 1999). Probabilities are related both to the 
ionizing energy deposited per unit mass (i.e. dose in J/kg or grays) and to the 
density of ionization as measured by LET (linear energy transfer).This is 
approximated by multiplying the dose by a Quality Factor, which is a function of 
LET, to give the Dose Equivalent (in Sieverts). The Quality Factor is unity for 
lightly ionizing particles, such as electrons and photons, but can be as large as 
20 for heavy ions and fast neutrons.  
Increasing awareness of health risks has led to the European Union 
Council Directive, which took effect in May 2000. According to council, operators 
must take account of exposure of air crew who are liable to be exposed to more 
than 1 mSv (milliSievert) per year. Pregnant women must not be exposed to 
more than 1mSv during pregnancy and crew member exceeding 6 mSv per year 
 
  
must be carefully monitored and given health checks. At altitudes up to about 
60000 feet (18 km) there are approximately equal contributions from directly 
ionizing particles (protons, electrons, muons) and indirectly ionizing neutrons. For 
aircraft flying above 49000 feet (15 km), where there is a significant probability of 
increased dose rates resulting from solar particle events.  
Events, which are significant at aircraft altitudes are also observable on 
the ground and are commonly referred to as Ground Level Events (GLE). Such 
events typically occur only once or twice per solar cycle. During September and 
October 1989 a series of events led to enhancements of up to a factor 6 at 
Concorde altitudes (Dyer et al, 1990), while at mountain altitudes neutrons were 
increased by a factor 3. The largest ground level event was on 23 February 1956 
when a factor 50 increase occurred at high latitudes. It is estimated that aircraft 
dose rates could have been as high as 30 milliSieverts (mSv) per hour at 
Concorde altitudes and 10 mSv per hour at conventional altitudes. During a 
single flight on 23 February 1956, passengers and crew at conventional altitudes 
could well have exceeded the currently recommended annual exposure limit for 
radiation workers (i.e. 20 mSv). 
5.3 Effects on RF Propagation 
The ionosphere, an area of the atmosphere which extends from ~80 to ~1000 
km, can significantly affect the propagation of radio frequency (RF) signals which 
pass through it or are reflected by it (Cannon, 1994a).  The effects are varied but 
include absorption, refraction, retardation and scintillation. 
  At frequencies above ~1 MHz, the lower D region causes absorption and 
the higher E and F regions cause a variety of other effects. These effects, which 
include refraction, signal group delay, signal phase advance, pulse broadening 
and Faraday rotation of the polarization vector, all follow an inverse power law 
and are significant only up to a frequency of ~2 GHz. Below ~1 MHz radio 
systems bounce their signals from the tenuous D region. 
The diverse set of affected systems include ground-ground high frequency 
(HF) communications, ground-space communications, GPS (Global Positioning 
 
  
System) – particularly single frequency- navigation systems, HF over-the-horizon 
radars, satellite altimeters and space-based radars (Goodman and Aarons, 
1990). HF communications and radar systems rely on the ionosphere for their 
operation but also have to contend with its effects. Most other systems are 
degraded by the ionosphere. Loss of phase lock and range errors in GPS are 
examples of such deleterious effects. 
If the environment were isotropic and stable in time, it would be relatively 
easy to determine its effects on the propagation of RF waves. Unfortunately, this 
is not the case. The spatial scales vary from thousands of kilometers to 
turbulence with scale sizes of a less than a meter. Likewise the temporal scales 
vary over many orders of magnitude from many years (solar cycle effects on 
ionospheric propagation) to hours or even minutes (the scale of weather 
phenomena). 
As a consequence of this variability, timely and reliable strategies are 
required to both specify and accurately forecast the environment and to assess 
the attendant impact on the operational performance of the systems. These 
strategies can be used to automatically apply corrections to the system operating 
parameters or, via a decision aid, advise the user on a course of action that will 
improve the functionality (Cannon et al., 1997). 
5.4 Effects on Ground-Based Systems 
5.4.1 Introduction 
 Large electric currents are continuously flowing in the magnetosphere and 
ionosphere. When it hits the magnetosphere, a disturbance in the solar wind 
produces a change in the current system, in which the magnetospheric-
ionospheric coupling plays an important role. The geomagnetic field brings the 
disturbance in particular to high latitudes resulting in visible auroras and in an 
intense ionospheric current system.  
The variations of magnetospheric and ionospheric currents are seen as 
geomagnetic disturbances or storms at the Earth’s surface, and in accordance 
with the basic electromagnetic theory (Faraday’s law of induction), a 
 
  
geomagnetic variation is accompanied by a geoelectric field (Weaver, 1994). 
Although the auroral electrojet system is of particular importance concerning 
geomagnetic disturbances, similar effects are also experienced at lower latitudes 
(Rastogi, 1999). The Earth consists of conducting material, so the geoelectric 
field drives currents within the Earth. These also affect the geoelectromagnetic 
disturbance observed at the Earth’s surface, and especially in the electric field 
the Earth’s contribution is significant. 
The geoelectric field implies the existence of voltages between different 
points at the Earth’s surface. For example, there is a voltage between the 
grounding points of two transformers, and a current will flow in the power 
transmission line connecting the transformers. Such a current is known as a 
geomagnetically induced current (GIC). Besides power systems, GIC flows in 
other technological conductors, like oil and gas pipelines, telecommunication 
cables and railway equipment (Lanzerotti et al., 1999). In general, GIC are a 
source of problems to the system:, in pipelines problems associated with 
corrosion and its control occur, telesignals may be interfered and overvoltages 
can damage the equipment (Boteler et al., 1998). On railways signalling 
problems have occurred. 
5.4.2. Power Systems 
Power lines act as long electrical conductors and when the Earth’s magnetic field 
changes during a space weather storm, voltages exceeding many thousands of 
volts can be induced between the ends of the line. Induced currents flow to 
ground through substation transformers and can cause the safety mechanisms to 
activate in order to preserve the power transformer from damage. In the past, 
major power distribution systems have been brought down for many hours at a 
great cost to industry. Such losses are more likely at higher latitudes in Australia 
and Canada. 
The geoelectric field as well as the geometrical and structural details has a 
significant influence on power systems (Molinski, 2000). Usually geomagnetically 
induced current (GIC) greatly vary from site to site in a power system, and model 
 
  
calculations may easily reveal the sites that are probably prone to the largest GIC 
magnitudes (Viljanen and Pirjola, 1994). In general, transformers located at 
corners of a power system suffer from large GIC values. Also, long transmission 
lines carry larger GIC. 
In a three-phase power system, GIC is divided equally among the phases. 
The problems caused to a power grid are due to a half-cycle saturation of 
transformers resulting from GIC (Kappenman and Albertson, 1990). This means 
that a transformer which normally operates with a very small exciting current 
starts to draw an even hundred times larger current, i.e. it operates beyond the 
design limits. The consequences depend on the transformer type (Elovaara et 
al., 1992) but, in general, all types are affected by GIC. 
A saturated transformer consumes large amounts of reactive power, 
whose magnitude is roughly proportional to GIC. An increased reactive power 
consumption decreases the capability of the ac transmission of the system, and 
the voltage tends to get lower. In particular at times of a heavy loading, this may 
result in serious system voltage drops and finally in an extensive blackout. The 
return to normal conditions from the blackout may take several hours as 
happened in Canada in March 1989 (Blais and Metsa, 1993). 
5.4.3. Pipelines 
Pipelines are used widely to transport gas, oil and water from their sources to 
processing plants and consumers. Damage to a pipeline is costly, directly and 
also indirectly through damage to the environment and the public. These 
pipelines are prone to corrosion, which may occur at points where an electric 
current flows from the metal into the surrounding earth. Electrochemical 
corrosion can be inhibited by maintaining the steel pipeline negative with respect 
to the surrounding soil. When a space weather event occurs the pipeline voltage 
need to be altered to compensate for the induced voltage. 
Similarly to a power system, the magnitudes of GIC along a pipeline 
network and of pipe-to-soil voltages depend both on the geophysical situation 
and on the details of the network. In general, the pipe-to-soil voltages are larger 
 
  
at inhomogeneities of the system, such as ends, bends and branches of the 
pipeline, changes in the material or size of the pipeline, or variations in the 
Earth’s conductivity.  
To avoid the problems caused by geomagnetic storms to buried pipelines, 
the industry has to be aware of the risk produced by GIC and induced pipe-to-soil 
voltages. A possibility of forecasting geomagnetic storms will help avoid making 
control measurements during times of a high probability of disturbances.  
5.4.4. Others 
The first observations of space weather effects on technological systems were 
made in telegraph equipment more than 150 years ago (Barlow, 1849). Many 
times since then, telesystems have suffered from over-voltages, interruptions in 
the operation and even fires caused by GIC flowing through the equipment 
(Boteler et al., 1998). Such problems have been reported at least in North 
Europe as well as in North America (Anderson et al., 1974).  
 The principle of the creation of GIC in telecables is exactly the same as in 
the case of power grids and pipelines. It was reported that the geoelectric field 
values had been about 45 to 55 volts per kilometer in northern Norway during a 
magnetic storm in March 1940 (Harang, 1941).  
It is probable that today’s telecable systems are less prone to carry large 
and harmful GIC than the old ones, and that the associated equipments are not 
very sensitive to GIC effects. On the other hand, the systems including different 
electronic components are getting more and more complicated, so the possibility 
of GIC problems should never be ignored. Optical fibre cables do not carry GIC. 
However, their use does not totally remove the problem because the voltage to 
amplifiers is fed by a metallic cable that may suffer from GIC. 
On railways geomagnetic induction may cause unexpected voltages 
resulting in mis-operations of equipment. During a magnetic storm in July 1982, 
such a voltage made traffic lights turn red without any train coming in Sweden 
(Wallerius, 1982). This was explained by observing that the geomagnetic voltage 
 
  
had annulled the normal voltage, which should only be short-circuited when a 
train is approaching leading to a relay tripping. As in telesystems, it may be 
believed that some of past unknown railway disturbances have in fact been 
caused by GIC. 
5.5. Effects on Middle and Lower Atmosphere 
One of the most interesting, but still controversial, areas in space and 
geophysical sciences is the possible connection of space weather with terrestrial 
weather and climate. Evidently there is a coupling between these phenomena but 
the link is not simple. It is also not understood yet how large the space weather 
contribution might be compared to other factors, such as direct solar radiation, 
determining atmospheric weather. One of the clearest evidence of a coupling is 
obtained from observations on lightning discharges that propagate from the tops 
of thunderclouds upwards to the ionosphere (Sentman, 1998) which is strongly 
affected by space weather. Lightning heat the atmosphere and produces 
ionization and thus cause changes in the global electric circuit and terrestrial 
weather.  
During times of geomagnetic storms, a greater number of energetic 
particles enter the atmosphere. By depositing their energy at altitudes of some 
tens of kilometers, these particles may contribute to chemical reactions creating 
nitrogen oxide compounds which in turn may enhance ozone concentrations at 
lower heights (Jackman et al., 1995). There is some evidence that energetic 
particles may produce small holes in the cirrus clouds and polar ozone layer, and 
thus affect to the evolution of atmospheric weather system (Pudovkin and 
Babushkina, 1992). 
Galactic cosmic rays contain particles having relativistic energies which 
are sufficient to make them penetrate to cloud altitudes, i.e. a few kilometers 
above the Earth’s surface. In the atmosphere, cosmic rays produce ionization of 
particles, which can have an effect on the nucleation of water droplets to form 
clouds (Tinsley, 1996). It should be noted that a decreased solar activity implies 
an increased intensity of galactic cosmic rays entering the Earth’s atmosphere. 
 
  
This is due to the more free propagation path of the rays in the less intense solar 
wind. Therefore the effects on cloud formation might statistically be the largest at 
times of sunspot minima (Svensmark and Friis-Christensen, 1997). 
5.6 Examples of Disturbed Space Weather Effects 
In this section satellite anomalies are presented in tabular form. Satellite 
anomalies and their possible causes for the year 1999 to 2006 are listed in the 
table 5.2 and 5.3. 
5.6.1 The intense Solar Proton Event of October 2003 
We analyzed the space environment and satellite anomaly occurrences in the 
time interval 22–28 October 2003, in which a series of prominent solar activity 
events occurred. Three intense proton enhancements were observed at ground 
level on 26, 28 and 29 October and are the main feature of the period. Solar 
region 10486 (S16E07) produced an X17/4B (Y1.7) parallel ribbon flare at 11:10 
UT on 28 October and i t was associated with a bright/fast full-halo coronal mass 
ejection (~2500 km/sec). SOHO EIT image and SOHO LASCO coronagraph 
image for this particular event are shown in the Fig-5.5a and 5.5b respectively. 
The CME associated with this flare was larger than the Sun itself and it was one 
of the most dramatic halo CMEs ever recorded by SOHO.
The Earth was immediately affected by intense X-ray radiation, which 
ionized the upper layers of the atmosphere, causing serious disruption to radio 
communications. Our atmosphere protects people on the Earth, but passengers 
and crews on commercial jets at high latitudes could receive exposure equivalent 
to a normal medical chest X-ray. As shown in the Fig-5.6, proton event (>450 pfu 
at >10 MeV), associated with this CME started at 18:25 UT on 26 October. One 
more very intense proton event (>29000 pfu at >10 MeV ) started at 12:25 UT on 
28 October and was continued till 29 October 2003.  
 
 
 
 
  
Date Satellite Effects Possible causes 
28-Nov-99 SOHO Emergency Sun Reacquisition (ESR) mode - back to normal on 10 Dec 
Seven CMEs erupted 
on 27 Nov 99 
28-Apr-00 Türksat 1C 
Temporary loss of service for 55 minutes 
(safe mode, caused by electrostatic 
discharge in orbit) 
Two high speed  
PH CMEs  
on 27 Apr 00 
15-Jul-00 
 ASCA (Astro-D) 
Satellite started spinning during high solar 
activity. Safe mode. Declared total loss 
later 
 14 July 2000  
Halo CME 
(Bastile Day Event) 
28-Sep-00 Galaxy VIII-i Loss of xenon ion propulsion systems. Life span reduced by 10 years 
Sequences of CMEs 
occurred on  
previous day  
26-Oct-00  Terra Telemetry Monitor 16 turned off Science Formatting Equipment, reason unknown 
Solar Proton Event  
with pfu>15 MeV 
22-Nov-00 Galaxy VII Secondary SCP fails; total loss 5 CMEs on 21 Nov 00
23-Oct-01 
 Echostar VI 
Loss of two solar array strings (of a total 
of 112) announced 
Solar Proton Event 
with pfu>22 MeV  
on 22 Oct. 
15-Dec-01 Yohkoh Unexpected spin, loss of control Halo CMEs on  13 & 14 Dec 01 
21-Apr-02 Genesis Star tracker blinded 4 times during solar storm (high energy protons) 
Very intense solar  
proton event & 
 Halo CME  
21-Apr-02 Nozomi 
Hit by solar storm, loss of most 
communications, one instrument 
damaged 
Very intense solar  
proton event &  
Halo CME 
27- Nov-02  Radarsat 1 Backup momentum wheel fails, loss of attitude 
Six CMEs on 26th Nov.
30- Dec- 02  Radarsat 1 Attitude control restored using torque rods High speed CMEs on 29th & 30th Dec. 
19- Sep- 03  Telstar 4 Shut down after a short circuit of its primary power bus, total loss 
3 CMEs on 18th Sep. 
23- Oct- 03  Genesis Entered into safe mode. Resumed routine on 3rd Nov. 
Solar flares with CME 
on 22 Oct 03 
24- Oct- 03  Midori [ADEOS] II Power supply problem, contact lost, total loss 
High speed PH CME 
 on 23 Oct 03 
24- Oct- 03  Stardust  (Comet mission) Safe mode-recovered.  
Major solar flares with 
CME on 22 Oct 03 
24- Oct- 03  GOES-9, 10, 12 High bit rate errors. Magnetic torques disabled. 
Major solar flares with 
CME on 22 Oct 03 
24-Oct- 03  Chandra Halted. Major solar flares with CME on 22 Oct 03 
Table 5.2 Satellites anomalies due to space weather effects recorded in the 
years 1999-2003. 
 
  
 
Date Satellite Effects Possible associated space weather events
25-Oct- 03  RHESSI CPU “rested”. Major solar flares with CME on 22 Oct 03 
26 -Oct -03 SMART 1 
Various problems related to 
increased radiation level in transfer 
orbit 
CME and intense proton 
event with pfu>466 MeV.
28-Oct- 03 Mars Odyssey 
Martian radiation environment 
experiment (MARIE) stops working 
properly 
Halo CME and extremely 
powerful proton event on 
28th Oct. 
28-Oct- 03 RHESSI CPU “resets”. Lost contact for 18 hours. 
Halo CME and extremely 
powerful proton event on 
28th Oct. 
28-Oct-03 Kodama [DRTS] 
Temporary safe mode, triggered by 
increased noise received by Earth 
sensor. Recovered on 7 Nov 2003 
Halo CME and extremely 
powerful proton event on 
28th Oct. 
26-Dec-03  Asiasat 2 Two related temporary outages caused by loss of attitude. 
PH CME on 25th Dec. 
12–Sep-04  Thaicom 3 Outage of several hours 
Halo CME with initial 
speed >1300 km/s on 
12th Sep. 
17-Jan-05 JCSat 1B Thruster anomaly, temporary outage  
Intense solar proton 
event & Halo CME 
17-Jan-05 Gravity Probe B Recovering from failures caused by proton storm 
Intense solar proton 
event of 17th Jan 05 
13-Dec-06 Cluster 1  suffered a minor instrument anomaly 
Major solar flare with 
CME on 13-Dec-06 
13-Dec-06 Cluster 2  on-board systems were severely affected, lost power 
Increased energetic 
particle flux from burst on 
13-Dec-06 
13-Dec-06 Envisat  payload module computer was autonomously suspended 
Increased energetic 
particle flux from burst on 
13-Dec-06 
 
Table 5.3 Satellites anomalies due to space weather effects recorded in the 
years 2003-2006. 
 
  
  The Satellite Environment 3-day plots taken from NOAA-SEC are shown 
in the Fig-5.7. This figure shows energetic proton flux (top panel), energetic 
electron flux (second panel from top) and the ambient magnetic field at GOES 
(third panel from top) in the direction parallel to Earth’s dipole field. If the view 
draws a zero-level line across the GOES Hp frame, this illustrates the long-
duration Magnetopause Crossing Events (MPE) that can so disorient any GEO 
satellite near local noon that uses the ambient magnetic field for orientation. Note 
that a substantial proton event was already in progress before 29 October 2005 
as shown by the three traces above the dashed line at 10 pfu. This particular 3-
day graph was chosen because it contains the peak hours of the geomagnetic 
storm for which SEC produces an estimated Kp magnetic activity index. 
• Satellite Anomalies Associated with October 2003 Event 
During two weeks in late October and early November 2003, a series of large 
solar events led to high levels of energetic particles in geospace and produced 
overlapping large geomagnetic storms on 28-30 October. These storms caused 
effects ranging from power grid failures to satellite shutdowns. The high-energy 
particles that followed could upset satellites by interfering with their electronics 
systems and damaging exposed components. The US ACE satellite became 
blinded at 13:00 UT due to the strong proton event. No web access was possible 
to the SOHO MTOF proton solar wind speed monitor presumably due to high 
usage of the site with the loss of ACE data.  
During this period of intense solar activity, the Martian radiation 
environment experiment (MARIE) aboard the Mars Odyssey spacecraft stopped 
working properly. Controllers' efforts to restore the instrument to normal 
operations have not been successful. The Martian radiation environment 
experiment detects energetic charged particles, including galactic cosmic rays 
and particles emitted by the Sun in coronal mass ejections. In addition, a memory 
error occurred on 29 October that could be corrected with a cold reboot on 31 
October. The Japanese satellite KODAMA temporarily went into safe mode as 
the result of increased solar activity. The excessive signal noise coming from the 
 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
  
Earth sensor assembly suggests the satellite was affected by a proton 
bombardment. After the solar activity subsided on 7 November 2003, ‘Kodama’ 
went back to Normal Mode.  
European spacecraft SMART -1 (Small Missions for Advanced Research 
in Technology) affected by Energetic solar proton environment of 28 October 
2003. It affected the main electronic unit of the engine, the PPU. These ionizing 
particles can create bit flips in the SRAM of the PPU, which are interpreted as 
sudden discharge current variations of the engine. The PPU then shuts down the 
engine autonomously. The software maintenance team is preparing a 
modification to the software module controlling the electric propulsion 
performance, enabling the engine to be automatically restarted in these cases. 
David Webb and Joe Allen (2004) also reported several anomalies during 
this intense active period of Oct-Nov 2003. DMSP F14 SSM/T-2 sensor lost data 
and one microwave sounder. RHESSI solar satellites had 2 more spontaneous 
CPU “reset” and because of it CHIPS computer went offline on 29th and lost 
contact for almost 18 hours. Same kind of processor reset problem also occurred 
in CLUSTER satellites. Apart from this list atleast 11 major satellite operations 
were disrupted including MARS, GOES, CHANDRA, FedSat during this intense 
period. 
Other than satellite anomalies effects like power systems failure in 
Sweden and in the South Africa also reported. Barrage of solar protons forced 
the crew of the International Space Station to take shelter in an internal module. 
HF radio blackouts were experienced in northern Canada as a result of the major 
solar proton event on 28 October 2003.  
5.6.2 The Intense Solar Proton Event of December 2006 
We also analyzed very recent solar proton event of 13 December 2006. The joint 
ESA/NASA spacecraft SOHO imaged a large solar flare on 13 December that led 
to an energetic solar radiation storm (Fig-5.8). The LASCO detected a powerful 
coronal mass ejection generated by the storm. The ejection arrived at Earth on 
 
  
14 December between 12:00-18:00 UT, where it gave rise to a strong 
geomagnetic storm.  
The example of Dec-2006 event is quite different than Oct-2003 event. A 
Forbush decrease is accompanied by a moderate geomagnetic storm started on 
14 December. During the recovery phase of this Forbush event, a geomagnetic 
storm began; this storm lasted for several days.  
As shown in the Fig-5.9, proton event greater than 100 MeV started at 13 
Dec/02:45 UT, and reached a maximum of 88.7 pfu at 05:25 UT. A greater than 
10 MeV proton event started at 13/0250 UT, and reached a maximum of 698 pfu 
at 09:25 UT. These events are associated with the X3 event from the active 
region 930.  
• Satellite Anomalies Associated with December 2006 Event 
During this period of perturbed space weather conditions three anomalies were 
reported. Cluster 1 satellite suffered a minor instrument anomaly, while Cluster 2 
and 4 on-board systems were severely affected. The attitude and orbit control 
unit on Cluster 2 lost power and autonomously switched over to its redundant 
unit, while the High-Power amplifier on Cluster 4 switched itself off. Increased 
energetic particle flux from burst would trigger these anomalies, as their 
occurrence is strongly correlated with the timing of the peak burst on 13 
December.  
Spacecraft ‘Envisat’ also experienced an unexpected anomaly correlated 
with the particle flux's arrival at Earth. Operation of the Envisat payload module 
computer was autonomously suspended, causing all payload instruments to be 
switched off. It happened around 18:00 UT, just before the particle peak on the 
13 December. One more satellite JEM-X automatically switched itself into safe 
mode twice on the same day. As both the above events are accompanied by 
solar flare and CME, they also may have contribution to the observed satellites 
anomalies.  
 
 
  
 
 
  
5.7 Discussion and Conclusions  
Anomalies have been associated with intense fluxes of energetic particles inside 
the Earth’s magnetosphere (Farthing et al., 1982; Baker et al., 1998), as well as 
with energetic events connected to geomagnetic storms or auroral substorms 
(Blake et al., 1997; Fennell et al., 2000a). Analysis of available information has 
allowed the identification of space weather conditions and mechanisms 
producing adverse effects on satellite operation (Feynman and Gabriel, 2000).  
Fluxes of 10–100 KeV electrons, which can be particularly intense during 
magnetospheric substorms, can give rise to spacecraft surface charging. 
Increases in trapped magnetospheric electrons with E>100KeV can cause deep 
dielectric charging and background counting in sensors. Trapped protons of 0.1 –
1 MeV produce surface damage to materials of satellites, while increases in 1–10 
MeV proton population increase the displacement damage in solar cells. At 
higher energies intense proton fluxes, mainly of solar origin, increase ionization, 
displacement damage and sensor background, and for E>50 MeV single-event 
effects are generated.  
Rapid and large changes in the ambient geomagnetic field can cause 
satellite disorientation, reverse satellite momentum wheel energy transfer, 
induced currents in conductors, and interfere with on-board, self-oscillating 
frequency standards. Moreover, the Earth’s atmosphere is known to expand at 
times of increased energy input during the arrival of solar particle storms. Low 
altitude satellites are more likely to collide with atmospheric particles. This 
decreases their orbital altitude and can lead to a temporary loss of 
communication, and other more serious effects. 
There is a rich set of possible interactions between the space environment 
and spacecraft, which may cause problems in spacecraft performance. 
Moreover, different adverse space conditions affecting spacecraft operation can 
be found in different magnetospheric regions. As a consequence, the interactions 
in low Earth orbit (LEO) spacecraft are expected to be different from those 
occurring for high orbits, as in the geostationary satellites (GEO) (Hastings, 
 
  
1995). Since for GEO the ambient Debye length is much larger than the 
spacecraft dimension, the plasma behaves as an ensemble of isolated charged 
particles. The environmental plasma in LEO behaves as a collective medium, 
since the Debye length is generally smaller than the spacecraft. The plasma in 
LEO is much denser and generally much colder than at high altitude orbits. High 
energy solar particles can easily penetrate to high altitude orbits, but not up to 
equatorial LEO. In addition, polar LEO spacecraft cross the auroral oval regions 
above latitudes of ~600, where high-energy particles can often be encountered. 
The adverse influence of space weather conditions on satellite systems may be 
combated by designing improved satellites and satellite electronics that can 
withstand the dangerous effects of space weather. On the other hand, 
comprehensive statistical studies, which are based on large numbers of events, 
may provide a reliable basis for a quantitative prognosis of hazardous conditions 
and time scales that would permit operators to take preventive measures to 
decrease the probability of satellite upsets (Feynman and Gabriel, 2000).  
Statistical studies that are conducted on the basis of individual or an 
assortment of satellites, mostly in geostationary orbits (see, e.g. Farthing et al., 
1982; Wilkinson, 1994), have shown that the number of some types of specific 
anomalies increased in periods of intense geomagnetic activity. Moreover, the 
portion of the satellite trajectories where faulty operations occurred is located in 
magnetospheric areas in which the most prominent electromagnetic disturbances 
and particle fluxes are observed (Lanzerotti at al., 1967; Koons and Gorney, 
1991). The distributions of anomaly occurrence time for different GEO spacecraft 
show that most anomalies are clustered in the midnight to morning sector (in 
Local Time) (Fennell, 1982; Fennell et al., 2000a). This is associated with the 
main peculiarity of the structure of magnetospheric fields and currents, and with 
related increases in electromagnetic disturbances and particle fluxes between 
midnight and the early morning hours. Local-time dependent anomalies, (mostly 
observed at GEO), were almost certainly due to lower energy electrons (10–
15KeV) injected into the magnetosphere that caused differential surface 
 
  
charging, resulting in electrostatic discharges as a result of auroral substorms or 
geomagnetic storms (see Farthing et al., 1982). 
A large database of anomalies, registered by 220 satellites in different 
orbits over the period 1971–1994 has been studied by Dorman et al., (2005). 
They found that during geomagnetic storms the anomaly rate increases by a 
factor of 2 for all satellites, but particularly for those in the HL and LH orbits. 
Sunspot cycle decline and minimum years are ideal for energetic electrons 
at GEO and lower orbit altitudes. Sunspot cycle maximum years are ideal for 
energetic proton and heavier ion events that cause SEUs and sensor optics & 
power panel degradation. But major solar events can happen anytime.  Major 
magnetic storms may happen at any time and cause spectacular effects on 
satellites, technology and humans but they are most frequent in weeks around 
equinox. Every satellite (or object) in orbit is a probe of the Space Environment. 
The history of satellites should be the basis for our learning what causes 
operational problems. Combining space environment data with satellite histories 
is necessary.  
 
 
 
 
 
 
 
 
 
 
 
 
  
C H A P T E R - 6  
S U M M A R Y  A N D  C O N C L U S I O N S  
 
6.1 Summary of the Present Work  
CMEs are a key feature of coronal and interplanetary dynamics. To understand 
the propagation of CMEs in the inner heliosphere, different near-Sun signatures 
of geoeffective CMEs like its speed, mass, energies, position angle and their 
interplanetary effects namely; solar wind speed, particle density, interplanetary 
shocks, and the southward component of the interplanetary magnetic field are 
examined. The signatures of the CMEs in the interplanetary medium (IPM) 
sensed by Ooty and Rajkot Radio Telescopes, the solar observations by LASCO 
coronagraph onboard SOHO, GOES X-ray measurements, satellite 
measurements of the interplanetary parameters, GPS based ionospheric 
measurements, the geomagnetic storm parameter Dst and ground based 
ionosonde data are used in the present work to understand the space weather 
effects in the different regions of the solar-terrestrial environment. In this work 
geoeffective CMEs, which occurred in the month of November 2003, November 
2001, March 2001 and February 2000 are thoroughly investigated and their 
space weather effects brought out. This will help to bring out a consistent picture 
of the propagation of the solar disturbance (CME) up to Earth and its effects on 
different components of the Sun-Earth environment.  
It is important to identify the solar drivers of the geomagnetic activity in 
order to be able to predict the occurrence of a strong geomagnetic storm. 
Several workers, for example, Gosling et al., (1991), Tsurutani and Gonzalez 
(1997), and Richardson et al., (2000), have discussed this aspect. In the same 
context, in order to investigate the relationship between Dst and other 
interplanetary parameters, statistical study of 30 large and high speed CMEs, 
which occurred during the years 1998-2002 have been carried out. The co-
relation between geomagnetic storm index (Dst) and several CME parameters is 
reported. 
 
  
The Interplanetary Scintillation (IPS) is an important technique, which has 
been used extensively to track and study interplanetary disturbances that are 
responsible for causing space weather effects. A coordinated study using IPS 
observations obtained from IPS array at Rajkot and Ooty Radio Telescope during 
the years 1999 to 2003 are described in this work.   
The main objective of space weather research is to trace the flow of 
energy from the Sun to the Earth's upper atmosphere. Large changes in the 
energy input at Earth can seriously affect many technological systems. In the last 
decade large numbers of satellites anomalies have occurred. In this study 
satellite anomalies during the years 1999-2006 and their possible space weather 
association are reported. Satellite anomalies associated with very intense proton 
event of October-2003 and December-2006 are also presented in this work. 
The main conclusions of the present study are listed below: 
6.2 Conclusions 
Largest geomagnetic storm of current solar cycle (Dst(min) of -472 nT) occurred on 
20 November, 2003 due to the CME eruption on 18 November near Sun’s 
Centre. This CME evolved into a magnetic cloud, which was highly tilted so that 
the axial magnetic field had strong southward component which reconnected with 
earth’s magnetic field and produced the storm. This halo CME arrived at 1 AU in 
~48 hours and hence with an average speed of 832 km/s. This speed is less by a 
factor of 2 than the initial speed (1660 km/s) derived from height-time plot using 
LASCO observations. These results suggest that this CME went through a 
severe deceleration before its arrival at 1 AU.  
IP shock was generated at 07:28 UT on 20 November 2003. 
Enhancements in g-values for several radio sources were detected by ORT as a 
consequence of this CME passage through IPM. 
During the storm time Manucci et al, 2005 observed drastic decrease in 
the ionospheric delay by 20-25 meters within a short duration of 4 minutes in 
 
  
some longitude sectors, while in other longitude sectors they found increment in 
ionospheric delay by about 10 meters.  
During two weeks in late October and early November 2003, a series of 
large solar events led to high levels of energetic particles in geospace and 
produced overlapping large geomagnetic storms on 28-30 October. These 
storms caused effects ranging from power grid failures to satellite shutdowns. 
More than eleven major satellite operations were disturbed during this period. 
The U. S. Federal Aviation Administration issued their first-ever high radiation 
dosage alert for high-altitude aircraft, and astronauts in the International Space 
Station had to retreat into their heavily shielded service module. 
On November 4, 2001, a halo CME seen by the coronagraph at 16:20 UT 
was associated with X1/3B flare. It was followed by a strong Solar Energetic 
Proton (SEP) event. Type II radio burst associated with this event was observed 
by WAVES. Ooty Radio Telescope detected one day later enhancement in g-
values for radio sources 1802+110 and 1756+134. CME associated ionospheric 
effects like variation in TEC and increased F-region height were also seen. 
Compared to previous event this CME reached speedily at 1 AU (~32 hours) with 
average speed of 764 km/s. Hence this CME is decelerated.  
Full halo coronal mass ejection, observed by LASCO on 29 March, 2001 
was followed by a proton event, which began at 16:35 UT on the same day. 
There were 3 shocks impacting the Earth during the interval March 30 to March 
31 producing super storm (Dst -387 nT). Ooty Radio Telescope detected CME 
during its passage through IPM. This halo CME traveled 1 AU distance in 48 
hours, hence with an average speed of 865 km/s. Negative ionospheric storm 
has been reported during this event, which may be due to decreased O/N2 ratio. 
On 10 February 2000, enhancement in g-values at ORT and 
enhancement in scintillation index at IPS array, Rajkot clearly show the effect of 
the passage of the CME plasma cloud or interplanetary shock through the IPM. A 
moderate storm (Dst(min) -135nT) was developed with SSC at 01:01 UT. This gave 
a travel time of ~ 67 hours.  
 
  
Our correlation studies based on 30 geomagnetic storm events indicate 
that the correlation of Dst with the solar wind speed and density are 0.29 and 
0.82 respectively. The ram pressure being a derivative of speed and density, its 
correlation was found to be ~ 0.58 as expected, but is less than the value of 0.64 
reported by Srivastava and Venkatkrishnan (2004).  
Our investigation shows that the intensity of geomagnetic storms depends 
most strongly on the solar particle density followed by the southward component 
of the interplanetary magnetic field and eastward electric field.  
From a statistical study of several CME events the relation between travel 
time (T) and initial speed (V) of CME was investigated by Zhang et al. (2003) 
who obtained an equation T=96–V / 21. Srivastava and Venkatkrishnan (2004) 
obtained similar equation T = 86.9 – 0.026 V. Our analysis also gives similar 
equation T=81.4 – 0.024 V, which is comparable to the above results. Such study 
will help in predicting the arrival time of a CME if its initial velocity is obtained 
from coronagraph data. 
Histograms of Rajkot and Ooty IPS observations provide distribution of the 
scintillation index (m) and normalized scintillation index (g). Median value of 
scintillation index observed at Rajkot for the years 1998 to 2001 are to be 0.188, 
0.198, 0.233, and 0.249 respectively, while for the Ooty observations median 
value of g for the year 1998 to 2001 is found to be 1.089, 1.0925, 1.122 and 
1.206 respectively. This result clearly indicates that the scintillations are 
becoming stronger with solar activity.   
From the histograms based on ORT observations, we found that 
percentage of events with g>1 increased with solar activity indicating more IP 
disturbances as the Sun becomes more active.  
IPS – Rajkot recorded 25 events, which produced enhancements in 
scintillation index associated with CME. Out of which 21 where associated with 
storms with Dstmin between -30 nT to -350 nT. 
 
  
Fast moving CME in interplanetary medium are presented by the ORT 
scintillation images (g-maps). Outward propagation of CME from 50 solar radii to 
200 solar radii is tracked by ORT. A typical result on 2 April 2001 shows the CME 
propagates in ~32 hours. 
Space weather effects on technological systems include various kinds of 
satellite anomalies. The major effects are as follows: 
• Effects on launchers, aircrafts and avionics.  
• Biological effects are mainly on passengers and crew of high flying   
circum polar aircrafts especially during solar particle events.  
• Effects on RF system are due to absorption, refraction, retardation and 
scattering by various Ionospheric structures influenced by solar emissions.  
• Effects on ground based system include the effects of Geomagnetically 
Induced Currents (GSC) on oil pipelines, electric power grids. 
A survey of such effects and a few case studies are presented. Moreover, 
different adverse space conditions affecting spacecraft operation can be found in 
different magnetospheric regions. As a consequence, the interactions in low 
Earth orbit (LEO) spacecraft are expected to be different from those occurring for 
high orbits, as of the geostationary satellites. Debye length in the ambient plasma 
plays a crucial role.  
Statistical studies that are conducted on the basis of individual or an 
assortment of satellites, mostly in geostationary orbits (see, e.g. Farthing et al., 
1982; Wilkinson, 1994), have shown that the number of some types of specific 
anomalies increased in periods of intense geomagnetic activity. Moreover, the 
portion of the satellite trajectories where faulty operations occurred is located in 
magnetospheric areas in which the most prominent electromagnetic disturbances 
and particle fluxes are observed (Koons and Gorney, 1991). The distributions of 
anomaly occurrence time for different GEO spacecraft show that most anomalies 
are clustered in the midnight to morning sector (in Local Time).  
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